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Travis R. Robbins
Abstract

To understand the evolutionary and ecological significance of geographic variation in life
history traits, we must understand whether the patterns are induced through plastic or adaptive
responses. The Eastern Fence Lizard, Sceloporus undulatus, exhibits countergradient variation
(larger body sizes, et cetera, in northern, cooler environments; presumed adaptive) in life history
traits across its large geographic range. However, cogradient variation (the expected result from
a plastic response, although not necessarily inconsistent with adaptation) has been suggested as
a null hypothesis, especially on fine geographic scales because of relatively small environmental
changes. Here we focus on life history variation on a fine geographic scale to test whether
cogradient variation is exhibited even though countergradient variation is exhibited at larger
scales, and if so, what mechanisms are involved in the switch. We examined north and south
populations (~2° latitude between) of the S. undulatus, and the Florida Scrub Lizard, S. woodi, by
measuring adult body sizes, reproduction, and hatchling body sizes over a two year period and
conducting reciprocal transplants of juvenile lizards each year. Our results indicate cogradient
variation (larger body size in the southern population experiencing a warmer environment) in life
history traits of S. undulatus and countergradient variation, a lack of variation in adult body size,
in S. woodi along the Florida peninsula. Thus, S. undulatus exhibits cogradient variation at fine
geographic scales and countergradient variation at larger scales. Reciprocal transplants revealed
that the larger adult body sizes in the southern population of S. undulatus could be explained by
vii

longer growth periods allowed by greater intrinsic survival. In S. woodi, the larger than expected
adult body sizes in the north could be explained by faster intrinsic and extrinsic juvenile growth
rates in the northern population. Because S. undulatus and S. woodi remain distinct species
associated with distinct, though adjacent, habitats, we also looked for habitat-specific
adaptations. The second reciprocal transplant (between species and habitats) revealed habitatspecific adaptations in juvenile growth rates, but not juvenile survival. Each native species grew
faster and had a higher average probability of reaching size at maturity in their native
environment than did the foreign species.

viii

Chapter 1:
Introducing the Lizards, Life Histories, and Research

Introduction
My dissertation research examines observed geographic variation in life history tactics of
two lizard species, the Eastern Fence Lizard, Sceloporus undulatus, and the Florida Scrub Lizard,
S. woodi, on a relatively fine geographic scale. Two populations of each species were compared.
The populations within each species are separated by approximately 2° latitude, which
corresponds with a 1° C difference between the north and south environmental temperatures
experienced. Two years of observed life history data were collected. The first year, reciprocal
transplants of juvenile lizards were also conducted within species to differentiate between plastic
and adaptive influence on juvenile growth rates and survival. The second year, reciprocal
transplants of juvenile lizards were conducted between species to examine species specific
plasticity in growth rates and differences in intrinsic juvenile survival with regard to species
specific habitats. Environmental variables were also measured to examine relationships between
habitats and juvenile growth rates and habitats and juvenile survival. In this context I can
separate population-specific reasons for intrinsic and extrinsic juvenile growth rates and survival
and examine their relationships with other population-specific life history tactics.

Study Species
Sceloporus is well suited for studies of sources of variation in life history traits because
members of this genus are relatively abundant where found, easy to care for in the laboratory,
and easy to mark and re-capture in the field. A large body of knowledge exists for this genus,
which makes a strong comparative base for results and experimental techniques. Although they
are different species, S. woodi and S. undulatus are model organisms for studying plastic and
1

adaptive sources of variation in life history tactics because they have important similarities in
higher order factors that significantly affect life histories, such as mode of reproduction (ovipary
vs. vivipary) and foraging mode (sit-and-wait vs. active foraging) (Dunham and Miles 1985; Huey
and Pianka 1981). Both species are oviparous and sit-and-wait predators.
Sceloporus woodi is a phrynosomatid spiny lizard that is precinctive to the sand-pine
scrub habitat in Florida. It ranges from Ocala National Forest in the north to Highlands Co. near
Archbold Biological Station in the south, restricted mostly to the central ridges of Florida.
Populations also exist on the central and southern Atlantic coast and the southwestern Gulf coast
(Jackson 1973a). Genetic variation among S. woodi populations is quite high. In fact, when
mitochondrial DNA of S. woodi was analyzed for 135 samples from 16 patches on 5 major ridges
in Florida, analysis of molecular variance (AMOVA) showed an estimated 10.4% total genetic
variation within patches, 17.5% among patches (within ridges), and 72.1% among ridges. These
data suggest that some populations of S. woodi have persisted in isolation for time frames in
excess of 1 Myr (Clark et al. 1999).
Sceloporus undulatus, also a phrynosomatid spiny lizard, has been extensively studied
because of its commonness and life history variation throughout its large range. S. undulatus is
found from Lat 24° N to 40° N and spans from the east coast of the United States westward to
southwest Utah (Tinkle and Ballinger 1972). There are currently four species groups throughout
this range (Leache 2009) with extreme variation in life history tactics, making generalizations of
this species difficult. The habitats in which individuals of the S. undulatus complex can be found
vary tremendously and include abandoned buildings on old farms, cleared forest areas, mixed
deciduous forests, the pine barrens of New Jersey, mesquite and juniper grasslands, and the
sage and juniper canyonlands of the Colorado Plateau (Tinkle and Ballinger 1972). The species
group in Florida is Sceloporus undulatus (previously Sceloporus undulatus undulatus; Wiens and
Reeder 1997) and is found mostly in the longleaf-pine/turkey oak habitats ranging from the
panhandle in the north down to central Florida, north of the Everglades. Little is known about S.
undulatus in Florida because of the paucity of studies.
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In one recently constructed phylogeny of the genus Sceloporus, using molecular and
morphological evidence, S. woodi was placed closer in relation to S. undulatus undulatus than
five of the six other undulatus subspecies (Wiens and Reeder 1997). Allozyme data on the
Sceloporus complex supports the findings of Wiens and Reeder (1997) and sheds more light on
the phylogentic relationships in the southeast U. S. The allozyme data suggest a closer
relationship between S. undulatus undulatus in South Carolina and S. woodi than S. u. undulatus
in Florida and S. woodi (Miles et al. 2002). In another more recent phylogeny, S. woodi was
placed in the eastern clade (one of the four previously mentioned species groups) with S.
undulatus (Leache 2009; Leache and Reeder 2002). The life history and genetic variation within
the S. undulatus complex, and the previously discussed genetic variation within S. woodi, appear
to be as much or more than the variation between the two species.
Although data suggest that Sceloporus undulatus and S. woodi have been distinct for a
million years, where the sand-pine scrub and dry pine/oak forests are adjacent these two species
hybridize (Jackson 1972; Robbins et al. 2010). Gut analyses also show that prey selection of
each species is similar in taxa and proportion of each taxon (Jackson 1973b). The most
conspicuous factor separating the species is a habitat preference.

Sources of Geographic Variation in Sceloporus Life History Tactics
Geographic variation in life history tactics of Sceloporus species has been examined for
trends in r- and K-selection, bet-hedging (Stearns 1976; Tinkle and Dunham 1986), habitat type,
and phylogenetics, all of which explain some level of variation, but ultimately emphasize the
importance of local environmental conditions (Ferguson and Talent 1993; Jones and Ballinger
1987; Niewiarowski and Roosenburg 1993; Tinkle and Ballinger 1972). Sceloporus undulatus is
a model organism for studying life history variation because the suites of life history tactics vary
greatly throughout its large geographic range (Ferguson et al. 1980; Ferguson and Talent 1993;
Niewiarowski and Roosenburg 1993; Smith 1998; Stearns 1976; Tinkle and Ballinger 1972; Tinkle
and Dunham 1986). In general, life history tactics follow the climatic gradient adjusted for
survivorships at the scale of the entire geographic range. In colder, northern habitats, adult
3

female body size is larger, instrinsic growth rates are faster but growth still occurs slower over
longer lifespans, and clutch mass is greater per bout when compared to populations from warmer
habitats. In warmer, southern habitats, adult female body size is smaller, intrinsic growth rates
are slower but growth still occurs faster and more consistently over the lifespan, and clutch mass
is less per bout but more bouts occur compared to populations from cooler habitats (Angilletta et
al. 2004a; Ferguson and Talent 1993; Niewiarowski and Roosenburg 1993; Sears and Angilletta
2004; Tinkle and Ballinger 1972).
Life history tactics are generally constrained by net assimilated energy. The plasticity
that occurs in life history traits among different environments can also be governed by populationspecific energy allocation rules (Sinervo and Adolph 1994). For example, lizard populations from
environments with relatively short daily activity periods may not allocate more energy to growth
even when experiencing longer potential activity periods (Sinervo and Adolph 1994). These rules
allocate the net assimilated energy into growth, storage, maintenance, and/or reproduction
(Congdon et al. 1982; Dunham et al. 1989). The environment influences net assimilated energy
through factors like food availability, and rates of energy use through factors like operative
temperatures. Thus, food is energy input and time spent at certain temperatures determines the
rates of energy use and amounts of energy used. Survival is also a major component of fitness.

Food availability. Food availability, which can constrain the amount of energy
assimilated, can directly influence growth, storage, and reproduction. Growth rates often
increase as food availability increases (Ballinger 1977; Ballinger and Congdon 1980; Dunham
1978; Smith 1998). For example, a 50% reduction in food caused a reduction in growth rates
equal to that of a 50% reduction in daily activity times (Sinervo and Adolph 1994). Supplemental
feeding experiments, however, have shown no effect on growth rate (Jones et al. 1987a;
Niewiarowski 1995), but the experiments were done in the field where the saturation point in
either growth rate or assimilation efficiency may have been reached prior to the food
supplementation. Greater food availability also increases lipid storage and the size of the first
clutch of the season. Lipids stored are an important energy source for production of the first
4

clutch and have also been linked with survival through overwintering success (Ballinger 1977;
Derickson 1976).

Thermal environments. Periods of daily activity and seasonal activity are generally
determined for ectotherms by environmental temperatures, therefore constraining metabolism
through rates and durations. For instance, the length of the activity season correlates with
number of clutches per season in Sceloporus species allowing them to be reproductive
opportunists with variable numbers of clutches (Jones and Ballinger 1987; Jones et al. 1987b).
The activity season and the daily activity times have a positive relationship with growth rates as
well (Ballinger et al. 1981; Dunham 1978; Grant and Dunham 1990; Niewiarowski and
Roosenburg 1993; Smith 1998; Tinkle 1972; Tinkle and Ballinger 1972). Furthermore, in S.
graciosus and S. occidentalis, potential growth rates (norms of reaction) plateaued when the
experimental daily activity time approached the natural activity time specific to each population
(Sinervo and Adolph 1994).
Thermal regimes have also been modelled to predict growth rates and subsequently age
and size at maturity. Generally, annual activity times are negatively correlated with annual
survival rate and positively correlated with annual reproduction. Longer activity seasons,
presumably, increase predation risk but allow greater numbers of clutches (Adolph and Porter
1993). The consistency between experimental manipulations and ecological modelling suggests
a strong relationship between thermal physical environments and the expression of life history
traits.

Mortality rates. Mortality regimes play a strong role in life history theory. Juvenile
mortality rates have been shown to positively correlate with growth rate (Jones and Ballinger
1987; Vinegar 1975), and the norm of reaction for age and size at maturity has been successfully
modelled using the differences between juvenile and adult mortality regimes (Stearns and Koella
1986). Life span and age at maturity, which are major components of lifetime fitness by
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constraining time allocated to reproduction, have been shown to positively correlate when other
environmental variables are similar (Tinkle and Ballinger 1972).

Research Outline
One cannot examine all of the complexities involved in the manifestation of phenotypic
variation. However, examining populations on a relatively fine geographic scale by measuring
environmental variables known to influence life history tactics, observing realized variation in life
history tactics, and differentiating between intrinsic and extrinsic causes of some of these traits,
will elucidate some mechanisms through which phenotypic variation manifests. My dissertation
begins with comparing life history tactics between Florida populations of Sceloporus lizards, S.
undulatus and S. woodi, and ends with reciprocal transplants to compare plasticity found within
species to plasticity, caused by each other’s habitats, found between species. This dissertation
research is the first to directly compare plasticity in growth within and between habitat specific,
allopatric species. The observed life history differences among these populations in their
respective habitats and latitudes will give a comparative baseline for the results of the reciprocal
transplant experiments. These studies provide the first life history data on a S. undulatus
population this far south in Florida. The reciprocal transplants will allow me to differentiate
between population-specific and environmental sources of the observed differences in life history
tactics. For instance, if differences exist between the species, can food availability, thermal
environments, and mortality rates explain them? What are the relative intrinsic and extrinsic
contributions to the observed life history differences? Will S. undulatus in Florida have life history
tactics that are more similar to S. woodi than tactics exhibited by S. undulatus in other northern
populations because of the large-scale similarities in their Florida habitats? Subsequent chapters
will answer some of these questions. Chapter 2 examines the observed, realized life history
tactics among populations of S. undulatus and S. woodi along a temperature gradient. Chapter 3
examines the relative population-specific and environmental influence on juvenile growth rates
and survival through reciprocal transplants between the north and south populations within
species. And finally, chapter 4 examines the relative population-specific and environmental
6

influence on juvenile growth rates and survival through reciprocal transplants between speciesspecific habitats.
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Chapter 2:
Variation in Life History Tactics on a Fine Geographic Scale and Along a Temperature
Gradient Elucidates the Cogradient to Countergradient Switch in Sceloporus Lizards

Abstract
Suites of life history traits observed on large geographic scales often follow
environmental variation, such as that found in temperature. On large geographic scales
differences between populations often have an adaptive component, and result in countergradient
variation. Cogradient variation, which occurs when trait differences along an environmental
gradient follow patterns that are consistent with plastic trait responses, is often observed over fine
scale environmental gradients. Most squamate species follow a cogradient pattern because their
activity periods are constrained by the thermal environment: longer activity periods in warmer
and/or southern climates allow for more energy acquisition through increased foraging activity
and faster assimilation rates. However, the Eastern Fence Lizard, Sceloporus undulatus, is one
species that shows countergradient variation in life history traits across its range. The
mechanisms by which cogradient variation, observed at fine scales, switches to countergradient
variation, observed at large scales, must occur on regional scales. We compared Sceloporus
populations with only ~2° latitude between them, which corresponds with a 1° C difference in
average monthly temperatures. We examined north and south populations of the Eastern Fence
Lizard, S. undulatus, and the Florida Scrub Lizard, S. woodi, by measuring adult body sizes,
reproduction, and hatchling body sizes over a two year period. Our results indicate cogradient
variation in life history traits of S. undulatus and countergradient variation, at least in adult body
size, in S. woodi along the Florida peninsula. Thus, S. undulatus exhibits cogradient variation at
fine geographic scales although at larger geographic scales it exhibits countergradient variation.
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The cogradient variation in adult female SVL observed between the populations of S. undulatus in
this study still holds when examined with data from other Florida populations.

Key words. Sceloporus undulatus, Squamates, lizards, body size, clutch size

Introduction
Geographic variation in life history tactics occurs through plastic and adaptive responses
to the environment (Roff 2002). Plastic responses often follow environmental variation, such as
that found in temperature, especially in ectotherms, in which physiological processes are directly
influenced by temperature (reviewed in Congdon 1989; Huey 1991). When changes in trait
values along an environmental gradient follow patterns that are consistent with plastic trait
responses, it is referred to as cogradient variation (Conover and Schultz 1995).
Most squamate species follow a cogradient pattern (Adolph and Porter 1993; Adolph and
Porter 1996; Angilletta et al. 2004b; Ashton and Feldman 2003; Sinervo and Adolph 1989;
Sinervo and Adolph 1994). One reason squamates, which are ectotherms, exhibit cogradient
variation is because their activity periods are constrained by the thermal environment: longer
activity periods in warmer and/or southern climates allow for more energy acquisition through
increased foraging activity and faster assimilation rates. Such conditions often result in more
growth and larger adult body sizes (Sears and Angilletta 2004; Sinervo and Adolph 1994). Also,
larger adult body size often correlates with greater clutch mass per bout through more and/or
larger eggs (Bell 1977; Gadgil and Bossert 1970; Schaffer and Elson 1975; Stearns and Crandall
1981; Tinkle 1969; Tinkle et al. 1970; Wiley 1974).
Differences between populations often also have an adaptive component (Ferguson and
Talent 1993; Niewiarowski and Roosenburg 1993), especially on large geographic scales, which
can result in countergradient variation (Angilletta et al. 2004b; Sears and Angilletta 2004).
Countergradient variation occurs when the phenotypic differences along a gradient are not what
would be predicted to occur from a purely plastic response (Conover and Schultz 1995).
Although most squamates exhibit cogradient variation in life history tactics, some groups within
13

squamates exhibit countergradient variation at large geographic scales. Bergmann clines
(Angilletta et al. 2004a; Bergmann 1847), where larger body sizes are observed at higher
latitudes and colder climates, are examples of countergradient variation that are observed in
some squamate species. Some Sceloporus lizard species, for example, follow Bergmann’s rule.
Among Sceloporus lizard species in North America, in fact, 4 species follow Bergman’s rule and 6
species follow the opposite pattern (Angilletta et al. 2004a; Ashton and Feldman 2003).
The Eastern Fence Lizard, Sceloporus undulatus, is one species that has been studied
extensively across its North American range and exhibits countergradient variation in adult body
size and other life history traits. In colder, northern habitats, adult female body size is larger,
intrinsic growth rates are faster but growth still occurs slower over longer lifespans, and clutch
mass is greater per bout when compared to populations from warmer habitats. In warmer,
southern habitats, adult female body size is smaller, intrinsic growth rates are slower but growth
still occurs faster and more consistently over the lifespan, and clutch mass is less per bout but
more bouts occur compared to populations from cooler habitats (Angilletta et al. 2004a; Ferguson
and Talent 1993; Niewiarowski and Roosenburg 1993; Sears and Angilletta 2004; Tinkle and
Ballinger 1972).
The eastern S. undulatus group has three distinct clades which include one clade on
either side of the Appalachians and the S. woodi clade (Leache and Reeder 2002). It is unknown
whether S. woodi exhibits co- or countergradient variation in life history traits along its latitudinal
range, but countergradient variation was found to have evolved in parallel in both of the other
clades within the eastern S. undulatus group, at least in regard to intrinsic embryonic growth
(Oufiero and Angilletta 2006).
Cogradient variation in life history traits has been suggested for use as a null model
(Sears and Angilletta 2004) because on finer geographic scales populations of the same species
are likely to be less genetically distinct, and therefore more likely to exhibit cogradient variation
through plastic responses to environmental gradients. Overall, the hypothesis is cogradient
variation at fine geographic scales, because populations experience relatively small
environmental changes, and countergradient variation at large geographic scales, because
14

populations experience environmental changes great enough to require adaptive responses. The
mechanisms by which cogradient variation switches to countergradient variation must occur at
the finer, regional scales. Comparative life history studies between populations with small though
marked environmental differences may elucidate the mechanisms that result in the large-scale
trends.
To begin examining life history differences at smaller scales, we compared Sceloporus
populations with only ~2° latitude (approximately 100 miles) between them. This geographic
distance corresponds with a 1° C difference in average monthly temperatures (see results) and
presumably longer activity periods experienced by southern populations. We included two
Eastern Fence Lizard, S. undulatus, populations and two Florida Scrub Lizard, S. woodi,
populations over the same latitudinal distance (Fig. 2.1), and measured adult body sizes,
reproduction, and hatchling body sizes over a two year period. Over this short latitudinal distance
the southern, warmer populations that experience longer activity periods should exhibit larger
adult body size and greater total clutch mass per bout, which is consistent with cogradient
variation (Adolph and Porter 1993; Conover and Schultz 1995; Sinervo and Adolph 1994). We
measured food availability for each population in order to examine its relationship, along with
environmental temperatures, with population specific life history traits. We also ran a common
laboratory incubation experiment to determine whether there was an intrinsic component
influencing incubation period, a proxy for rate of embryonic development. Under the null
hypothesis of observed geographic variation being caused by plastic responses, the intrinsic rate
of embryonic development should be similar between north and south populations within species.
These data are examined along with what is known about other populations along the Florida
peninsula and trends are discussed.

Materials and Methods
Study species. Sceloporus woodi lives in open scrub habitats on remnant Pliocene and
Pleistocene sand ridges in central Florida. Open scrub habitats consist of sparse sand pines, oak
shrubs, and extensive bare ground. Sceloporus woodi occurs in disjunct, genetically divergent
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populations along the Florida ridge (Clark et al. 1999; McCoy et al. 2004) and is a rare species,
although locally abundant (McCoy and Mushinsky 1992). Sceloporus woodi resembles the most
southern populations of S. undulatus in life histories (Tinkle and Ballinger 1972), with relatively
small body sizes, small clutch sizes, and short life spans (Demarco 1989; McCoy et al. 2004).
Sceloporus undulatus is common in the southeastern United States (Conant 1975) and abundant
in sandhill habitats of central Florida. Sandhill habitats consist of long-leaf pines, turkey oaks,
and ground cover of wiregrass and fallen pine needles (Myers and Ewel 1990b). Sceloporus
woodi, precinctive to Florida scrub, presumably diverged from S. undulatus when rising waters of
the Pleistocene isolated several populations on the sandy ridges of Florida (Clark et al. 1999).
These Florida populations are closely related, with both species in the eastern S. undulatus group
according the most recent phylogeny (Leache 2009; Leache and Reeder 2002). Isolated
hybridization events also occur where the species and habitats are adjacent (Jackson 1973b;
Robbins et al. 2010)

Collection and housing of adult female lizards. Female Sceloporus lizards (N=278)
were collected from four populations in Florida, one northern and one southern population of each
species. Collecting occurred from March to September in 2004 and 2005. The northern
populations were collected from the Ocala National Forest, Marion County. Each species was
collected from their respective habitats, which included a S. undulatus population (N=75) from N
29°02’18”, W 81°33’35”and a S. woodi population (N=69) from N 29°06’29”, W 81°48’34”(see
map; Fig. 2.1). The southern populations of S. undulatus (N=64) and S. woodi (N=60) were
collected from Balm Boyette Preserve, Hillsborough County, N 27° 45′ 60″, W 82° 15′ 07″, and
Avon Park Air Force Range, Highlands County, N 27° 37’ 07”, W 81° 15’20”, respectively.
Lizards were captured using a noosing technique, given a unique toe clip for identification
(Waichman 1992), contained individually in a cotton bag or plastic-ware, and then collectively
transported in a cooler kept at 20-30° C back to the campus of the University of South Florida.
Each lizard was housed individually in the laboratory, labelled by their toe clip, species,
capture date, and site of origin, and provided fresh water and crickets daily. Containers (30 x 17
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x 12 cm) included a sand substrate, water dish, and plastic cover object for basking and refuge.
Heat lamps maintained temperature gradients within containers that averaged 31° C during the
daytime portion of a 12/12 hr day/night cycle. Measurements for each lizard were taken
immediately upon return to the laboratory and included snout-vent-length (SVL) and tail-length
(TL) obtained by a ruler to the nearest 0.5 mm and mass to the nearest 0.01 g obtained using an
electronic balance. Mass was measured twice a week while the female lizards were in the
laboratory and all measurements were re-taken before lizards were released to their respective
habitat. Mass after oviposition was used for analysis to minimize inconsistencies that would have
been caused by different stages of gravidity when captured.
Overall trends in the traits of interest were analyzed using analyses of variance (ANOVA),
or multivariate analyses (MANOVA) where appropriate, with species (undulatus or woodi),
latitude (north or south), and year (2004 or 2005) as factors. The species x latitude interaction
was also included in the models. Separate two-factor ANOVAs were used for species specific
post-hoc comparisons when species x latitude interactions were significant. To ensure that
female lizards had reached age at maturity and were therefore adults, only individuals that
oviposited were included in adult female body size analyses. Snout-vent length data was not
benefited by transformations, but mass and TL were log-transformed to meet normality and
homoscedasticity assumptions. Snout-vent length was used as covariate when mass and TL
were analyzed and individuals with broken tails were not used when analyzing TL.

Reproduction. Each lizard and housing was checked daily for oviposition. After
oviposition, eggs were collected, counted, and weighed to the nearest 0.0001 g using an
electronic balance and the post-oviposition mass of the female was obtained to the nearest 0.01
g. Each clutch (N=175) of eggs (N=1017) was placed in a glass jar (120 ml) and buried
completely in vermiculite that was premixed to a water potential of –450 kPa. Water potential for
vermiculite was determined by Packard et al. (1987). All vermiculite was oven-dried at 100°C for
at least 4 hours prior to mixing with distilled water. Each jar was covered with plastic kitchen
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wrap, sealed with a rubber band and placed in an incubator set at a constant 28°C. Vermiculite
was replaced for each clutch after 25 days of incubation.
Clutch size and egg mass were analyzed with SVL of dams as a covariate. Egg masses
were analysed as clutch means and excluded any eggs that were found on top of the sand and
desiccated. Incubation periods were also analysed as clutch means, which included only
individuals that hatched. Average egg mass and clutch size were multiplied for each lizard and
analyzed as total clutch mass. Dam SVL and body condition (residuals from a regression of SVL
on mass within species) were used as covariates when analyzing total clutch mass.

Hatchlings. Eggs in the incubator were checked daily for hatchlings (N=567) and
hatchling measurements were taken immediately after hatching. For each individual, hatching
date and hatchling sex was recorded, and their SVL, TL, and mass (to the nearest 0.0001 g)
measured. Male and female hatchlings did not differ in any phenotype (all P>0.08), thus they
were combined for all analyses. Each hatchling was marked with a unique combination of toeclips (Waichman 1992) and housed in a 38-liter (10 gallon) terrarium in the laboratory until their
release in the field. We provided water and crickets (dusted with vitamin/mineral mix) daily for the
hatchlings.
Hatchling SVL, mass, and TL were analyzed as clutch means with dam SVL as covariate
and species, latitude, and year as factors. The species x latitude interaction was also included in
the model. Hatchling SVL was also used as covariate for hatchling mass and TL.

Environmental variables. Population-specific environmental temperatures and food
availability were examined for differences among species, latitudes, and years where possible,
and then examined for overall correlations with population-specific traits. Environmental
temperatures were examined between latitudes over that last 50 years and over the particular
years of the study. For the long term, monthly temperatures averaged over the last 50 years
were used as the dependent variables in a mixed model analysis with time (month) as a random
factor and latitude as a fixed factor. For the particular years of the study, average monthly
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temperatures were used as the dependent variables in a mixed model analysis with time (month)
as a random factor, and latitude, and year as fixed factors. Average monthly temperatures were
from weather station data collected from stations of north and south latitudes similar to the north
and south populations of each species (long term from Bartow and short term from Wauchula,
Florida in the south and Ocala, Florida, in the north; from Weatherbase at www.weatherbase.com
for long term averages and the National Climate Data Center at
www.ncdc.noaa.gov/oa/climate/climatedata.html for 2004 and 2005). Food availability was
measured for each population using an array of pitfall traps (14 traps at each of the 4 sites) that
were opened approximately once a month for five trapping periods per season between August
and February 2004-2006. Each trapping period lasted 3-7 days. Food availability was examined
using repeated measures ANOVA with species, latitude, and year as factors and total biomass
per trap per day as the dependent variable at each time period. The species x latitude interaction
was also included in the model. The index of total biomass per trap per day was estimated by
summing the lengths of the individual arthropods caught in each trap during each time period and
dividing by the number of days open. The biomass index data was log-transformed to meet
assumptions of the ANOVA. Arthropods greater than 5 mm in length were considered too large
for consumption and not included in the analysis (Jackson 1973b).
Within species, correlations between the means (from both years of the study) of
population specific traits, food availability, and environmental temperatures were run to examine
environmental influence. Estimated marginal means from the previously run ANOVAs were used
in these correlations to account for influential covariates.

Results
Adult female lizards. In the southern populations, adult female SVL, body condition,
and TL were greater overall, however, there was a species x latitude interaction in SVL (Table
2.1). Sceloporus undulatus had longer SVL in the southern population, but no difference was
found between the north and south populations of S. woodi (Fig. 2.2). The latitudinal difference in
SVL, which is the fundamental body size measurement, found in S. undulatus is consistent with
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cogradient variation, but in S. woodi there was no difference between north and south
populations.
Between species, adult female S. undulatus had larger body size than S. woodi.
Particularly, the species differed in that S. undulatus had longer SVL and greater mass but TL
was similar among species (Table 2.1). Dam SVL influenced both mass and TL (Table 2.1).

Reproduction. Latitudinal trade-offs occurred between egg mass and clutch size in both
species. Average egg mass was larger and clutch sizes were smaller (after accounting for SVL)
in the south. Total clutch mass was not different between latitudes, likely because of the tradeoffs between egg mass and clutch size, however, there was a species x latitude interaction (Table
2.2). Sceloporus undulatus had marginally greater total clutch mass in the south while S. woodi
had similar total clutch mass in both populations (Fig. 2.3). Incubation periods were not different
between latitudes (P=0.64) for either species.
Between species, faster development and greater total clutch mass were found in S.
undulatus when compared to S. woodi. Sceloporus undulatus had incubation periods of 55.5
days and S. woodi of 62.3 days (P<0.001); SVL did not explain the difference. Sceloporus
undulatus had larger clutch size after accounting for the effects of SVL and larger average egg
mass that was not explained by SVL (Table 2.2). Indeed, total clutch mass was greater in S.
undulatus (Table 2.2).

Hatchlings. Hatchling body sizes were larger in the south, however, SVL was only
marginally significant (Table 2.3). There was also a species x latitude interaction in hatchling TL
with longer TL in the south in Sceloporus woodi but not S. undulatus (Fig. 2.4). Between species,
hatchling body sizes were generally larger in S. undulatus. The longer SVL of S. undulatus
hatchlings was not affected by dam SVL (Table 2.3.), but the greater mass was affected by dam
SVL as well as hatchling SVL, and still significant (Table 2.3). Hatchling tail length was only
marginally different between species and was not affected by dam SVL, but it was influenced by
hatchling SVL (Table 2.3).
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Environmental variables. Environmental temperatures were significantly different
between north (39.1° C) and south (40.1° C) latitudes (P<0.001) with the southern latitude having
a 1° C higher average temperature over the last 50 years. Over 2004 and 2005 the southern
latitude was only 0.5° C warmer (P=0.009) and not different between years (P=0.633). Arthropod
abundance was marginally greater overall in the southern latitude (P=0.057) and there was also
more food available in 2004 than 2005 (P<0.001). However, a species x latitude interaction
(P=0.02) was found (Fig. 2.5). Species specific post-hoc tests confirmed that S. undulatus had
greater food availability in the south (P=0.002) and that latitude did not affect food availability for
S. woodi (P=0.772). Food availability did not correlate with average environmental temperatures
or with any trait within species (all P>0.18). Environmental temperatures were correlated with
some traits that differed between species (Table 2.4). Temperatures correlated with adult female
SVL in S. undulatus, and adult TL in S. woodi (Table 2.4).

Discussion
Our results indicate cogradient variation in life history traits of Sceloporus undulatus and
countergradient variation, at least in adult body size, in S. woodi along the Florida peninsula.
Thus, S. undulatus exhibits cogradient variation, specifically in adult body size, at fine geographic
scales although at larger geographic scales it exhibits countergradient variation (Angilletta et al.
2004a; Sears and Angilletta 2004). Because S. woodi, the third clade in the eastern S. undulatus
group, exhibits countergradient varation in adult body size, it appears that all three clades have
evolved countergradient variation, at least in some life history traits (Oufiero and Angilletta 2006).
At the fine geographic scale of this study, however, S. woodi did not exhibit shorter intrinsic
incubation periods in the northern population, which is inconsistent with what Oufiero and
Angilletta found (2006) in the other two Appalachian clades of the eastern S. undulatus group.
The similar incubation periods between the north and south populations of S. woodi may be a
result of the finer geographic scale of our study, compared to the scale that Oufiero and Angilletta
examined (approximately 8° latitude).
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Latitude and the associated differences in environmental temperatures have influenced
some traits in both species similarly and some differently. In the southern populations of both
species, adult body condition and TL were greater. The positive relationships between
environmental temperature and adult TL were also observed among populations and years,
although only significant in S. woodi (Table 2.4). Egg mass was greater and clutch size smaller in
the southern population of both species, which resulted in similar total clutch mass (although
marginally greater in the southern population of S. undulatus) between the north and south
populations. Hatchling SVL and body condition were also greater in the southern populations of
both species. Mass was, therefore, greater in the southern populations of both species at all
three life history stages, that of adult, egg, and hatchling, which is consistent with what would be
expected through a plastic response to temperature and cogradient variation.
There were three traits – adult SVL, total clutch mass, and hatchling TL – that showed
species x latitude interactions. Sceloporus undulatus had greater adult SVL and total clutch mass
in the southern population with similar hatchling TL between populations. Sceloporus woodi had
similar adult SVL and total clutch mass between populations with greater hatchling TL in the
southern population. The greater adult SVL and total clutch mass in S. undulatus follows what
would be expected by a plastic response to increased temperatures, likely through greater activity
periods. The positive relationship between adult female SVL and environmental temperature was
also observed among populations and years of the study (Table 2.4). The increased potential
activity period in the south may be used by S. undulatus for more growth, but the lack of
difference in SVL between S. woodi populations suggests that S. woodi in the south does not
have an increased activity period and/or uses inactivity opportunistically (Rose 1981). One
reason may be that they are behaviourally less active to avoid greater predation pressure, and
another that the increase in temperature is high enough to actually decrease the activity period so
that they experience warmer temperatures but a shorter activity period. Because
thermoregulation is accomplished through behavioural movement, it may also reflect similar
proportions of suitable microhabitat even though suitable microhabitats shift spatially relative to
the low level vegetation. Further study is required to parse the potential mechanisms.
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The cogradient variation in adult female SVL observed between the populations of
Sceloporus undulatus in this study still holds when examined with data from other Florida
populations. There are no publications with population specific average SVL of adult female S.
woodi (at least at different latitudes), but one such publication did exist for S. undulatus in Florida.
Mobley (1998) studied two populations of S. undulatus that were intermediate in latitude to the
populations in this study. Although the populations in Mobley (1998) were geographically closer
than the two populations in this study, the latitudinal difference in SVL was significant and
consistent with this study, with greater adult female SVL in the southern population. Collectively,
these four populations exhibit latitudinal cogradient variation in adult female SVL along the Florida
peninsula (Fig. 2.6). The results of this comparative study are consistent with the paradigm of
using cogradient variation as the null hypothesis (Sears and Angilletta 2004) with the
understanding that when countergradient variation is observed between populations some
environmental threshold has been reached and some adaptive response mechanism has
occurred. More studies focusing on populations at the boundaries of the cogradientcountergradient switch in phenotypic variation will provide critical insights into the mechanisms
involved and the sequence of phenotypes under selection.
Food availability and operative temperatures are two environmental factors that influence
life history traits because they deal with energy input and rates of energy throughput and may
very well constrain growth and adult body size similarly. For example, a 50% reduction in food
caused a reduction in growth rates equal to that of a 50% reduction in daily activity times in
Sceloporus undulatus (Sinervo and Adolph 1994). We measured food availability at each site for
both years but could not determine any overall relationships with life history traits. It should be
noted, however, that the species x latitude interactions found in adult female SVL and total clutch
mass were similar in direction to the species x latitude interaction found in food availability (Figs
2.2 & 2.5). It seems that environmental temperatures had stronger relationships with life history
traits than food availability but more population level samples would be needed to separate the
effects of temperature and food.
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Although it was not the main focus of our study, our results are also consistent with
countergradient variation between the species. In the cooler sandhill habitats of S. undulatus,
compared to the warmer scrub habitats of S. woodi (2.5° C warmer on average; unpublished
data), adult female SVL and body condition were greater, intrinsic incubation periods were
shorter, and total clutch mass was greater per bout with greater egg mass and larger clutch sizes
(Tables 2.1, 2.2, and 2.5), all of which is consistent with the literature (Andrews et al. 2000;
Crenshaw 1955; Demarco 1992; Demarco 1989; Jackson and Telford 1974; Mobley 1998)

Conclusions. Our study supports the hypothesis of cogradient variation at fine
geographic scales even when countergradient variation is observed on larger geographic scales.
With regard to adult body size, the countergradient variation observed across the range of
Sceloporus undulatus has been explained through juvenile survival rates (Angilletta et al. 2004a;
Sears and Angilletta 2004). The larger adult body sizes in the cooler, northern populations are
associated with greater juvenile survival because extrinsic growth rates are slower (Angilletta et
al. 2004a; Sears and Angilletta 2004). At the finer geographic scale of our study, greater adult
body sizes could be a result of greater juvenile survival or longer activity periods and therefore
faster growth rates. Intrinsic and extrinsic survival and growth rates need to be studied in these
specific populations to better understand how they may be linked to the cogradient variation in
adult body size observed in S. undulatus and the countergradient variation in adult body size
observed in S. woodi.
The difference in observed geographic variation in adult body size between Sceloporus
undulatus and S. woodi is interesting, and may be a result of an already constrained suite of life
history tactics in S. woodi. Because S. woodi exists in a relatively warmer habitat, it resembles
the most southern populations of S. undulatus in life histories (Tinkle and Ballinger 1972), with
relatively small body sizes, small clutch sizes, and short life spans (Demarco 1989; McCoy et al.
2004). Smaller adult body sizes may not be a viable option. Studies examining the influence of
plastic and adaptive responses to these population-specific environments using reciprocal
transplants and common environment experiments are currently being conducted and should
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provide critical insights into the mechanisms that have resulted in the geographic variation
observed in this study. More studies of life history tactics on fine geographic scales are
necessary to begin examining which traits are under strong selection and/or susceptible to plastic
responses, and to begin examining if general sequences of phenotypic change occur.
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Florida Peninsula

± 0.67

S. undulatus
S. woodi

Figure 2.1. Map of study site locations. Depictied are the north and south study populations of
Sceloporus undulatus and S. woodi are in Florida.

34

66

Snout-vent length (mm)

64
62
60
58
56
54
52
50
N

S

Latitude
Figure 2.2. Species x latitude interaction in adult female SVL. Error bars represent 1 standard
error. P-values are for the effect of latitude from post-hoc species-specific ANOVAs. Solid circles
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Figure 2.3. Species x latitude interaction in total clutch mass. Error bars represent 1 standard
error. P-values are for the effect of latitude from post-hoc species-specific ANOVAs. Solid circles
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) represent S. undulatus and open circles (

) represent S. woodi.

36

32 32

Hatchling tail length (mm)
Hatchling tail length (mm)

31 31

30 30

29 29

P=0.658

28 28

27 27

26 26
N N

S S

Latitude
Latitude
Figure 2.4. Species x latitude interaction in hatchling tail length. Error bars represent 1 standard
error. P-values are for the effect of latitude from post-hoc species-specific ANOVAs. Solid circles
(

) represent S. undulatus and open circles (

) represent S. woodi.
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Figure 2.5. Food availability for north and south populations of each lizard species. Points are
estimated marginal means from the three factor repeated measures ANOVA. Error bars
represent 2 standard error. Solid circles (

) represent S. undulatus and open circles (

)

represent S. woodi.
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Figure 2.6. Cogradient variation in snout-vent length of adult female Sceloporus undulatus along
the Florida peninsula. Points represent population means from this study and from Mobley
(1994).
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Table 2.1. Effects of species, latitude, and year on adult female body sizes.

SVL (mm)

Body condition

Source

F

P

SVL (mm)

-

-

F

TL (mm)

P

F

P

151.494

<0.001

27.829

<0.001

Species

115.270

<0.001

26.261

<0.001

2.129

0.147

Latitude

43.640

<0.001

4.811

0.030

10.442

0.002

0.542

0.462

2.493

0.116

0.440

0.508

Year

<0.001
Species x Latitude
34.224
0.871
0.352
0.185
0.667
* Body condition is mass relative to SVL and TL is tail-length relative to SVL. Significant
probabilities are denoted in bold.
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Table 2.2. Effects of species, latitude, and year on lizard reproduction.

Clutch size (eggs)
Source
SVL (mm)
Body condition

F
39.587
-

P
<0.001
-

Egg mass (g)
F
0.242
-

P
0.624
-

Total clutch mass
(g)
F

P

33.728

<0.001

8.798

0.004

Species

4.126

0.044

27.524

<0.001

20.331

<0.001

Latitude

5.662

0.042

21.590

<0.001

2.101

0.150

Year

1.045

0.308

0.935

0.336

0.353

0.553

0.011
Species x Latitude
2.065
0.153
2.091
0.151
6.745
* SVL refers of dam SVL and was used as a covariate in all analyses. Body condition is mass
relative to SVL. Significant probabilities are denoted in bold.
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Table 2.3. Effects of species, latitude, and year on hatchling body sizes.

SVL (mm)
Source
Dam SVL (mm)
Hatchling SVL (mm)

Body condition

F

P

1.341

0.250

-

-

F

P

TL (mm)
F

P

7.957

0.006

1.061

0.306

206.482

<0.001

92.220

<0.001

Species

23.091

<0.001

9.942

0.002

3.774

0.055

Latitude

3.280

0.073

13.037

<0.001

6.526

0.012

Year

7.042

0.009

5.324

0.023

0.614

0.435

0.005
Species x Latitude
0.004
0.948
1.738
0.191
8.447
* Body condition is mass relative to SVL and TL is tail-length relative to SVL. Dam SVL was used
as a covariate in all analyses. Significant probabilities are denoted in bold.
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Table 2.4. Results of correlation analyses between average environmental temperatures and
average trait values.

Among populations and years (N=4)
S. undulatus
Trait

r

S. woodi

P

r

P

Adult SVL (mm)

0.98

0.018

0.13

0.876

Body condition

0.56

0.441

0.93

0.075

Adult TL (mm)

0.87

0.135

0.97

0.035

Hatchling SVL (mm)

0.68

0.324

0.32

0.682

Hatchling mass (g)

0.77

0.232

0.61

0.391

Hatchling TL (mm)

-0.24

0.761

0.83

0.172

Incubation period (days)

-0.31

0.688

-0.38

0.616

0.92

0.079

0.70

0.300

-0.22

0.779

-0.54

0.465

Egg mass (g)
Clutch size (eggs)

Total clutch mass (g)
0.90
0.101
-0.73
0.269
* Significant probabilities are denoted in bold. Traits that are bolded are those with significant
species x latitude interactions in the ANOVAs.
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Table 2.5. Mean trait values for Sceloporus undulatus and S. woodi from the north and south
populations.

Trait

Latitude

S. undulatus

S. woodi

SVL (mm)

N

56.6 ± 0.5

53.9 ± 0.8

S

63.6 ± 0.4

54.3 ± 0.5

N

6.795 ± 0.228

5.085 ± 0.192

S

9.445 ± 0.200

5.507 ± 0.203

N

72.8 ± 1.3

72.7 ± 1.0

S

82.4 ± 1.5

76.4 ± 1.0

N

55.4 ± 0.2

62.2 ± 0.6

S

55.0 ± 0.3

62.2 ± 0.7

N

0.342 ± 0.007

0.301 ± 0.007

S

0.394 ± 0.009

0.329 ± 0.007

N

5.4 ± 0.2

4.7 ± 0.2

S

6.4 ± 0.2

4.1 ± 0.2

N

1.832 ± 0.075

1.483 ± 0.081

S

2.603 ± 0.078

1.341 ± 0.067

N

23.2 ± 0.1

21.7 ± 0.3

S

23.9 ± 0.1

22.2 ± 0.3

N

0.460 ± 0.009

0.378 ± 0.015

S

0.512 ± 0.008

0.420 ± 0.012

N

28.1 ± 0.4

26.1 ± 0.5

Mass (g)

Tail length (mm)

Incubation period (d)

Egg mass (g)

Clutch size (eggs)

Total clutch mass (g/clutch)

Hatchling SVL (mm)

Hatchling mass (g)

Hatchling tail length (mm)

S
29.3 ± 0.5
29.2 ± 0.5
* Values are shown as mean ± 1 standard error. Mean values are from the raw data, not
estimated marginal means.
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Chapter 3:
On Intrinsic Growth and Juvenile Survival of Lizard Populations Along a Fine Scale
Temperature Gradient: a Reciprocal Transplant Approach

Abstract
To understand the evolutionary and ecological significance of geographic variation in life
history traits, we must understand whether the patterns are induced through plastic, extrinsic or
adaptive, intrinsic responses. In lizards, particularly in the genus Sceloporus, geographic
patterns have been studied extensively, giving us many potential life history patterns in need of
proximate explanations. Bergmann’s cline, which first described the pattern of increasing body
size in endotherms as environmental temperature decreased, is one such pattern. In the lizard
genus Sceloporus some species do and some species do not exhibit Bergmann’s cline across
their geographic range. Moreover, one species in particular, S. undulatus, exhibits a reverse
Bergmann’s cline at fine geographic scales and Bergmann’s cline at larger geographic scales. To
begin examining how, and at what scale, life history tactics change from exhibiting plastic (null
model) responses to that of adaptive responses, small scale reciprocal transplant experiments
must be conducted. We used reciprocal transplant experiments to examine the relative plastic
and adaptive responses from populations that experience a 1° C difference in their monthly
average temperatures. We specifically measured precipitation, ground cover heterogeneity, food
availability, and potential activity periods of each population-environment treatment and examined
their relationships with juvenile growth rates and survival. Two separate reciprocal transplant
experiments were conducted along the latitudinal/environmental temperature gradient of the
Florida peninsula. One experiment used populations of the Eastern Fence Lizard (Sceloporus
undulatus), exhibiting cogradient variation in body size, and the other used populations of the
Florida Scrub Lizard (S. woodi), exhibiting countergradient variation in body size. In S.
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undulatus, larger adult body sizes in the southern population were not a result of faster extrinsic
juvenile growth rates, although potential activity periods were greater in the southern
environment. In fact, the extrinsic growth rates were similar between the north and south resident
populations. Furthermore, we found population-specific, intrinsic, differences in juvenile growth
rates and survival. The null hypotheses of cogradient variation in extrinsic juvenile growth rates
and survival, therefore, were not supported. The adaptive differences in juvenile growth rates
between populations were masked by plastic responses to the environment. The larger adult
body sizes in the southern population can be explained by greater intrinsic survival that translated
into greater extrinsic survival. In S. woodi, similar adult body sizes between the north and south
populations could be explained by faster intrinsic and extrinsic juvenile growth rates observed in
the northern population when in their native environment. We did not observe greater potential
activity periods in the southern environment. Juvenile survival was not different between
populations. The hypothesis of countergradient variation in extrinsic growth rates, through
intrinsic differences, therefore, was supported. In S. woodi, the similarity in adult body sizes
between populations is likely a result of adaptive responses. Even on fine geographic scales
there appears to be complex relationships among environmental temperatures and trade-offs
among life history traits of Sceloporus lizards.

Key words. Bergmann’s cline, Adult body size, squamates, Sceloporus, intrinsic survival.

Introduction
To understand the evolutionary and ecological significance of geographic variation in life
history traits, we must understand whether the patterns are induced through plastic, extrinsic, or
adaptive, intrinsic responses. In lizards, particularly in the genus Sceloporus, geographic
patterns have been studied extensively, giving us many potential life history patterns in need of
proximate explanations (Angilletta and Dunham 2003; Angilletta et al. 2004a; Angilletta et al.
2004b; Ashton and Feldman 2003; Ferguson et al. 1980; Niewiarowski 1994; Niewiarowski and
Angilletta 2008; Sears and Angilletta 2004; Tinkle and Dunham 1986). Large scale geographic
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patterns in life history tactics have been tested for relationships with latitude and habitat types, for
example (Angilletta and Dunham 2003; Ashton and Feldman 2003; Ferguson et al. 1980;
Niewiarowski 1994; Tinkle and Dunham 1986), but the large scale relationships often fail to
explain observed geographic variation adequately because many factors are involved
simultaneously. For example, growth rates can be influenced by food availability (Ballinger 1977;
Ballinger and Congdon 1980; Dunham 1978; but see ; Sinervo and Adolph 1994; Smith 1998; but
see Jones 1987 and Niewiarowski 1995) and temperature (Niewiarowski and Roosenburg 1993;
Sinervo and Adolph 1994) as well as through intrinsically coded physiology (Angilletta 2001) and
energy allocation rules (Berven 1982; Dunham et al. 1989; Ferguson and Talent 1993;
Niewiarowski 2001; Niewiarowski and Roosenburg 1993). Because of the many environmental
and intrinsic factors involved, even patterns that do explain observed geographic variation do not
elucidate necessarily the mechanisms through which they occurred.
Bergmann’s cline, which first described the pattern of increasing body size in endotherms
as environmental temperature decreased, is one such pattern (Bergmann 1847; translation by
James 1970). Bergmann’s cline generally holds for endotherms (Ashton 2002; Ashton et al.
2000; James 1970), but in some ectotherms, such as lizards, a reverse Bergmann’s cline is more
common, although this pattern does not always occur (Ashton and Feldman 2003). In fact, in the
lizard genus Sceloporus, some species do, and some species do not exhibit Bergmann’s cline
across their geographic ranges (Angilletta et al. 2004a; Ashton and Feldman 2003). The reasons
for observing different patterns likely include interactions between plastic and adaptive responses
to the environmental temperature gradient. Indeed, comparative and manipulative experiments
(Angilletta et al. 2004a; Ballinger 1977; Ballinger and Congdon 1980; Dunham 1978;
Niewiarowski and Roosenburg 1993; Sears and Angilletta 2004; Sinervo and Adolph 1989;
Sinervo and Adolph 1994; Smith 1998), ecological modelling (Adolph and Porter 1993), and
construction of energy budgets (Congdon et al. 1982; Niewiarowski 2001) have elucidated the
influence of intrinsic and environmental variables, such as temperature and food availability, as
well as the expected plastic responses to these variables.
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Several hypotheses about the processes through which Bergmann’s cline is exhibited in
Sceloporus result from this extensive body of work. These hypotheses often focus on growth
rates because growth rates of lizards are inextricably linked to resulting life history suites. Growth
needs to be allocated for in energy budgets, affects traits like age and size at maturity and adult
body size, and can be constrained by survival (Adolph and Porter 1993; Angilletta et al. 2004a;
Niewiarowski 2001; Sears and Angilletta 2004; Stearns and Koella 1986). Furthermore, growth
rates in Sceloporus, even developmental rates, are known to be intrinsically different between
populations (Angilletta et al. 2004b; Ferguson et al. 1980; Ferguson and Talent 1993;
Niewiarowski and Angilletta 2008; Niewiarowski and Roosenburg 1993; Oufiero and Angilletta
2006; Storm and Angilletta 2007) and to respond plastically to environmental differences
(Niewiarowski and Roosenburg 1993; Sears and Angilletta 2004; Sinervo and Adolph 1989;
Sinervo and Adolph 1994).
Adaptive, intrinsic responses can result in countergradient patterns, which may eliminate
geographic variation because of adaptive compensation and/or result in variation that is opposite
what would be expected through a plastic response (Conover and Schultz 1995). In Sceloporus
undulatus, adaptive changes in growth rate and adult body size often work in a countergradient
fashion, with increased intrinsic growth found in populations that experience colder environments
(Angilletta et al. 2004b; Oufiero and Angilletta 2006). Even with this increased intrinsic growth,
the extrinsic growth is reduced because of the colder environmental temperatures, yet adult body
sizes are also larger, resulting in a Bergmann’s cline (Sears and Angilletta 2004). The larger
adult body sizes can be explained by extended growth periods allowed by greater juvenile
survival (Angilletta et al. 2004b; Sears and Angilletta 2004). Along the gradients of environmental
temperature and/or latitude, the positive relationship between juvenile survival and large adult
body size over the geographic range of S. undulatus coincides with theory suggesting that
survival should increase as activity periods decrease because chances of predator contact
decrease with decreased activity time (Adolph and Porter 1993).
A cogradient pattern is what would be expected in a purely plastic response (Conover
and Schultz 1995), although cogradient variation is not necessarily inconsistent with adaptation,
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hence, experiments such as reciprocal transplants that are designed to examine the relative
adaptive and plastic responses of traits to environmental gradients. Plastic responses also have
been observed in Sceloporus undulatus and have been suggested as null models (Adolph and
Porter 1993; Adolph and Porter 1996; Sears and Angilletta 2004; Sinervo and Adolph 1994).
Growth rates are influenced by temperature through constraints on thermoregulation and activity
periods, and by food availability through constraints on energy assimilation. Growth rates
generally increase plastically with increased temperatures and/or increased food availability
(Adolph and Porter 1993; Adolph and Porter 1996; Sinervo and Adolph 1994). To begin
examining how, and at what scale, life history tactics change from exhibiting plastic (null model)
responses to that of adaptive responses, small scale reciprocal transplant experiments must be
conducted. The relationships between environmental temperatures, food availability, intrinsic and
extrinsic growth rates, and juvenile survival are the focus of the reciprocal transplants conducted
in our experiments.
We studied populations of the Eastern Fence Lizard (Sceloporus undulatus) and the
Florida Scrub Lizard (S. woodi) on a fine geographic scale along the latitudinal/environmental
temperature gradient of the Florida peninsula to examine the process through which the large
scale countergradient variation in adult body sizes results. The large scale countergradient trend
in adult body size that is observed among S. undulatus populations is also exhibited between
these closely related species. In Florida, Sceloporus undulatus is from a relatively cooler habitat
and exhibits larger adult body sizes than S. woodi (Hartmann 1993; McCoy et al. 2004; Mobley
1998; Robbins 2010). Within species, S. undulatus has larger adult body sizes in the southern
population compared to the northern population (cogradient variation) and S. woodi has similar
adult body sizes in the north and south populations (lack of variation consistent with
countergradient variation; Robbins 2010). In other words, the observed geographic variation in
adult body size between the north and south populations of each species is consistent with
selective forces insufficient to result in Bergman’s cline. Because these populations are
separated by a mere ~2° in latitude and experience only a 1° C average difference between the
sites (Robbins 2010), the observed geographic variation in adult body sizes should reflect that of
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a plastic response. The cogradient variation in S. undulatus is consistent with this hypothesis, but
the lack of variation in S. woodi is not.
We used reciprocal transplant experiments to examine the relative plastic and adaptive
responses from populations that experience a 1° C difference in their monthly average
temperatures (Robbins 2010). We specifically measured precipitation, ground cover
heterogeneity, food availability, and potential activity periods of each population-environment
treatment and examined their relationships with juvenile growth rates and survival. Two separate
reciprocal transplant experiments were conducted along the latitudinal/environmental temperature
gradient of the Florida peninsula. One experiment used populations Sceloporus undulatus and
the other used populations of S. wood). The fundamental assumption is that we should find
greater potential activity periods for populations experiencing the southern environments. Thus,
in S. undulatus we expect both northern and southern populations to exhibit faster extrinsic
growth in the southern environment because of longer activity periods, as long as food availability
is equal. To achieve larger adult body sizes in the southern environment, juvenile survival should
be similar to that experienced in the northern environment, or somewhat lower because of longer
potential activity periods. If lower juvenile survival is observed in the southern environment, then
growth rates would need to be sufficiently fast to compensate. In S. woodi we expect to see what
would be consistent with a countergradient, adaptive response, with faster intrinsic and extrinsic
growth rates in the northern population to achieve larger adult body sizes than expected (through
a plastic response), unless juvenile survival is higher for both populations in the northern
environment.

Materials and Methods
Study species. Sceloporus woodi lives in open scrub habitats on remnant Pliocene and
Pleistocene sand ridges in central Florida. Open scrub habitats consist of sparse sand pines, oak
shrubs, and extensive bare ground. S. woodi occurs in disjunct, genetically divergent populations
along the Florida ridge (Clark et al. 1999; McCoy et al. 2004) and is a rare species, although
locally abundant (McCoy and Mushinsky 1992). S. undulatus is common in the southeastern
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United States (Conant 1975) and abundant in sandhill habitats of central Florida. Sandhill
habitats consist of long-leaf pines, turkey oaks, and ground cover of wiregrass and fallen pine
needles (Myers and Ewel 1990b).
These two species are closely related. Sceloporus woodi, precinctive to Florida scrub,
presumably diverged from S. undulatus when rising waters of the Pleistocene isolated several
populations on the sandy ridges of Florida (Clark et al. 1999). Sceloporus woodi is in the eastern
S. undulatus clade and is actually more closely related to S. undulatus than many previous
designations of subspecies in the S. undulatus complex (Leache 2009; Leache and Reeder
2002). Furthermore, hybridization resulting in viable offspring is known to occur between these
species in isolated areas where their respective habitats are adjacent (Jackson 1973b; Robbins
et al. 2010).

Collection and housing of female lizards. Female lizards (N=119) were collected from
four populations in Florida, one northern and one southern population of each species. Collecting
occurred from March to September in 2004. The northern populations were collected from
Marion County. Each species was collected from their respective habitats, which included a S.
undulatus population (N=33) from N 29°02’18”, W 81°33’35”and a S. woodi population (N=31)
from N 29°06’29”, W 81°48’34”(Fig. 3.1). The southern populations of S. undulatus (N=27) and S.
woodi (N=28) were collected in Hillsborough County, N 27° 45’ 60”, W 82° 15’ 07”, and Highlands
County, N 27° 37’ 07”, W 81° 15’20”, respectively. Lizards were captured using a noosing
technique, given a unique toe clip for identification (Waichman 1992), contained individually in a
cotton bag or plastic-ware, and then collectively transported in a cooler kept at 20-30° C to the
laboratory at the University of South Florida, Tampa, Florida, USA.
Each lizard was provided fresh water and crickets daily and housed in a container (30 x
17 x 12 cm) that included a sand substrate, water dish, and plastic cover object for basking and
refuge. Heat lamps maintained temperature gradients within containers that averaged 31° C
during the daytime portion of a 12/12 hr day/night cycle.
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Egg incubation and hatchling husbandry. Each lizard and housing was checked daily
for oviposition. After oviposition, each clutch (N=77) of eggs (N=397) was placed in a glass jar
(120 ml) and buried completely in vermiculite that was premixed to a water potential of –450 kPa.
Water potential for vermiculite was determined by Packard et al. (1987). All vermiculite was
oven-dried at 100°C for at least 4 hours prior to mixing with distilled water. Each jar was covered
with plastic kitchen wrap, sealed with a rubber band and placed in an incubator set at a constant
28°C. Vermiculite was replaced for each clutch on day 25 of incubation.
Eggs in the incubator were checked daily for hatchlings (N=237). Each hatchling was
marked with a unique combination of toe-clips (Waichman 1992) and housed in a 38-liter (10
gallon) terrarium in the laboratory prior to their release in the field. Hatchling mortality is greatest
during the first few weeks after hatching for many reptiles (Crenshaw 1955; Iverson 1991; Tinkle
1967; Warner and Shine 2005), so hatchlings were housed in the laboratory for eight weeks
before being released to ensure successful mark-recapture survival analyses. We provided water
and crickets (dusted with vitamin/mineral mix) daily for the hatchlings. For each individual,
hatchling sex was recorded, and their SVL, TL, and mass (to the nearest 0.0001 g) measured
before release. Male and female hatchlings did not differ in any phenotype (all P > 0.09), thus
they were combined for all analyses.

Reciprocal transplants. After housing the gravid females, incubating their eggs, and
raising the hatchlings for eight weeks all under identical conditions, hatchlings were released into
the field under a reciprocal transplant design. At each site, the reciprocal transplant design
included two 40 x 40 m enclosures constructed of a 61 cm aluminum flashing fence that was
buried 13 cm into the ground and reinforced by metal posts (electrical conduit) at 1.5 m intervals.
A 1 m perimeter within each enclosure was cleared and mowed to inhibit climbing and jumping
out of the enclosure. Hatchlings were released in the enclosures (from September to December
2004) in a split-clutch design with approximately half of each clutch being released at their site of
capture as residents and half at the other respective site (north or south). Reciprocal transplants
were conducted within species between the north and south populations, resulting in four
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treatments per species – that of the northern population released in the northern environment
(NN; S. undulatus N=30; S. woodi, N=23), the northern population released in the southern
environment (NS; S. undulatus, N=30; S. woodi, N=20), the southern population released in the
southern environment (SS; S. undulatus, N=18; S. woodi, N=13), and the southern population
released in the northern environment (SN; S. undulatus, N=20; S. woodi, N=12). To increase
sample sizes where necessary, hatchlings caught in the field (N=76) were used to supplement
the lab raised hatchlings. Body sizes (SVL, and mass and TL relative to SVL) were not different
between field caught and lab raised hatchlings from each site (p-values from ANOVA all > 0.05).
Each of the four sites was methodically searched approximately every 10 days by walking around
the inside perimeter of each enclosure and then zig-zagging through the enclosure in one
direction, turning, and ziz-zagging through the enclosure in the perpendicular direction. Searches
occurred between 900-1500 hours from September 2004 to February 2005, and lasted at least 8
weeks after the last hatchling was released. When hatchlings were sighted, they were captured
by noosing, identified by their unique toe clip combination, and their SVL, TL, and mass were
measured with a ruler to the nearest 0.5 mm and with a Pesola spring scale to the nearest 0.05 g,
respectively. With these data growth rates and survivorship associated with each treatment can
be assessed (see Data Analyses section below).

Environmental covariates. We measured precipitation for each environment, and
ground cover heterogeneity, canopy cover, food availability, and potential activity periods for each
population-environment treatment. Precipitation (mm) was measured with a rain gauge that was
checked and emptied during each site visit. We measured ground cover heterogeneity and
canopy cover at each point of a 16 point grid within each enclosure. Points were 10 meters apart.
We surveyed each point in all four cardinal directions and used the average value as the sample
unit. We measured ground cover heterogeneity using a vertical density board (Nudds 1977) from
5 meters away to eliminate spatial overlap of data collection. Heterogeneity was evaluated near
the ground from 0 – 66 cm. Canopy cover was measured with a spherical densiometer from 1.3
m above ground and one meter from each point. Both vegetation measurements were estimated
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as percent cover. Food availability was measured throughout the mark-recapture experiment
using an array of pitfall traps (15 traps at each of the 4 sites; 5 traps per enclosure and 5 outside
the enclosures) that were opened approximately once a month for five trapping periods between
August and February 2004-2005. Each trapping period lasted 3-7 days. The index of total
biomass per trap per day was estimated by summing the lengths of the individual arthropods
caught in each trap during each time period and dividing by the number of days open.
Arthropods greater than 5 mm in length were considered too large for consumption and not
included in the analysis (Jackson 1973b).
Potential activity periods were estimated between each lizard capture occasion. We
followed the procedure in Grant and Dunham (1988) with slight modifications. Active lizard body
temperatures were recorded for individuals of each population in their respective habitats (S.
undulatus, N=116 for Ocala and N=68 for Balm; S. woodi, N=91 for Ocala, N=63 for Avon) with a
quick-read cloacal thermomether. If eggs were felt when a female lizard was palpated, that
individual was considered gravid, and body temperatures of gravid females were not used to
calculate activity periods. Using 90% of the active lizard body temperatures we derived a
minimum and maximum active lizard body temperature and used these limits to bracket the
operative environmental temperatures measured by temperature logger arrays placed at each
site. These logger arrays consisted of five ibuttons (Thermochron, model # DS1921; Maxim
Integrated Products, Dallas Semiconductor, Sunnyvale, CA; www.ibutton.com) in a cross pattern
that was 1 m across. Some logger arrays were randomly placed on the ground (using a random
number table and a coordinated grid superimposed over a map of the site) and others on trees.
Those placed on trees consisted of five loggers strung together in a line and evenly spaced
across a meter. The string of loggers was placed around tree trunks in a spiral pattern,
alternately at 0.5 and 1 m above the ground. A tree logger array was used because both species
use tree trunks to perch and bask, although Sceloporus undulatus is more arboreal than S.
woodi. At each site, all trees within a 60 x 80 meter area (including inside the enclosures) were
tagged and randomly selected by number for placement of the tree logger array.
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Logger arrays were moved (randomly placed) during each site visit, and the data
periodically downloaded. Temperatures were recorded every 15 minutes (n=822,565). If 10% or
more of the operative temperatures in at least 2 logger arrays during any 15 minute period were
within the lizard body temperature minimum and maximum, potential for lizard activity was
assumed. We summed these 15 minute periods to calculate hours per day of potential lizard
activity and then summed the daily activity periods to calculate the total potential activity periods
between each lizard capture occasion. If daily activity periods were missing because of logger
malfunction we added the mean daily activity period of the particular capture interval for each
missing day. Spatial autocorrelation of temperature loggers was also tested by comparing
temperature variation within arrays to variation among arrays and no difference was found. We
used 15 minute periods from 5 days between 1400-1600 hours to account for the angle of the
sun. We used periods with averages of 42 ± 1 °C, which is relatively high, allowing for
temperature variation and only occurring when the sun is present. We tested if the variances
were different with an ANOVA using standard deviates from the mean as the response variable
and array as the factor.

Data analyses. Hatchling body sizes at release were compared between populations,
within species, using ANOVA. Source population was used as a factor and SVL was used as a
covariate when analyzing TL and mass.
Growth rates were assessed within species for influence of source population and growth
environment and compared among treatments. Individual daily growth rates were calculated by
subtracting SVL at release from SVL at last capture and divided by the number of days in
between. Only individuals with at least 2 weeks between measurements were used to allow for
measurable growth. Because differences between growth rates of lab raised and field caught
hatchlings were assessed within treatments and none were found (all P > 0.2), they were pooled
for all analyses. To test for relative influence of source population and growth environment on
growth rates an ANOVA was used. Source population, growth environment, and their interaction
were factors with daily growth rates (S. undulatus, N=37; S. woodi, N=39) as the dependent
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variable and SVL at release as covariate to control for size dependent growth. Body condition
(residuals of mass relative to SVL) was also used as a covariate for S. woodi because a
difference between source populations was found. To assess potential differences in reaction
norms planned comparisons were also made between specific treatments with ANOVA using
treatment as factor and the covariates listed above for each species. Planned comparisons were
conducted within species and included comparisons between resident populations and within
source populations between growth environments.
Survival was analyzed using Cormack-Jolly-Seber capture-recapture models in the
information-theoretical framework (Burnham and Anderson 2002; Lebreton et al. 1992) of the
Program MARK (White and Burnham 1999). We first modelled survival for source population and
growth environment (using both as grouping variables for factor-only models) to find populationenvironment specific survival, and then modelled survival with only covariates associated with
source population and growth environment (no grouping variables for covariate-only models) to
find which covariates might explain treatment specific survival. We chose a global model and
assessed how well the model fit the data, then found the best candidate models of survival in the
four population-environment treatments for each species. Survival (φ) and recapture rates (p)
were estimated using the step down approach (Lebreton et al. 1992) where p was modeled first,
then φ and then p again. The global model was chosen a priori to include source population,
growth environment, and their interaction as grouping variables, with time included additively
because some environmental covariates could be analyzed through time (activity periods,
precipitation, and food availability). Covariates were not used in the global model because we
were not interested in estimating survival after accounting for covariates, but rather what true
survival was in each treatment. Plus, goodness-of-fit tests do not yet allow their incorporation
(Burnham and Anderson 2002). Model fit to the data was tested using a bootstrap method and
where overdispersion was found, the overdispersion parameter (ĉ) was used for correction
(Lebreton et al. 1992). Parsimony was assessed through a maximum likelihood approach by the
lowest Akaike Information Criteria (AICc) value with a bias-correction in case sample size was
small with respect to the number of estimated parameters (Burnham and Anderson 2002). When
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ĉ was included (S. undulatus, ĉ =3.70; S. woodi, ĉ =2.74), a Quasi-AICc value (QAICc) that
accounts for ĉ was used to assess parsimony (Burnham and Anderson 2002). Starting with the
global model, we found the most parsimonious model of p among candidate models. The models
of p were assessed again with the most parsimonious model of φ to complete the step down
method. The most parsimonious model of p, which was the intercept only model for both species,
was then used as a constant among the candidate models of φ. Factor-only models were
assessed first. Among the candidate model set of factor-only models, the relative influence of
environment and population was assessed with the QAICc values and further assessed with
likelihood ratio (LR) tests. Likelihood ratio tests were performed between the most parsimonious
model including both grouping variables (growth environment and source population) and the
sub-models containing only one grouping variable. The probability of survival was estimated for
each population-environment treatment through model averaging of φ (Burnham and Anderson
2002). Covariate-only models were then assessed for the influence of each habitat and
morphological variable on survival. Habitat variables were included in the models if they were
different between treatments and they were not correlated with each other. Body sizes were also
used as covariates at the individual level to account for differences among individuals and any
differences that may exist between source populations. Each covariate was assessed for its
influence on survival with QAICc values, and further assessed using model averaged beta values
(B) with unconditional confidence intervals (CI). Model averaging occurred among models that
had ∆ QAICc values (the difference between the QAICc value for the particular model and the
QAICc value for the most parsimonious model) of 2.0 or less. If the unconditional confidence
interval (CI) did not include zero, the effect was considered statistically significant (Burnham and
Anderson 2002).
Habitat variables were compared between population-environment treatments, where
possible, and those that showed differences were tested for correlations among treatments within
each species. Heterogeneity and canopy cover were examined among population-environment
treatments with mixed model analyses using average values at each point as dependent
variables (All N=64). Activity periods were examined among population-environment treatments
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with mixed model analyses using the estimated activity periods associated with each populationenvironment treatment at each lizard capture interval as sample units (Sceloporus undulatus
N=48; S. woodi N=40). Treatment and time interval were used as factors. Precipitation was
examined between environments (not between population-environment treatments) with a mixed
model analysis using total precipitation measured for each lizard capture interval as sample units
(S. undulatus N=24; S. woodi N=20). Environment (north/south) and time interval were used as
factors. Food availability was examined separately at two levels, between environments (N=30
per sampling period) and between enclosures within environments (i.e. at the populationenvironment treatment level, N=10 per sampling period), with repeated-measures ANOVAs
across the 5 sampling periods. The two levels were analyzed separately because 5 traps at each
site were outside of the enclosures. Total biomass per trap per day was the dependent variable.
Environment or population-environment treatment was used as the factor, respectively. The
biomass index data was log-transformed to meet assumptions of the ANOVA. Correlation
analyses among population-environment treatments were used to further assess any
relationships between growth, survival, and environmental variables.

Results
Sceloporus undulatus. Hatchling body sizes at release were not affected by source
population in Sceloporus undulatus (Table 3.1). The observed resident growth rates also were not
different between populations of S. undulatus (Fig. 3.2; Table 3.2). In the reciprocal transplant
experiments, however, hatchling growth rates were influenced by source population and
marginally by growth environment. Individuals from the northern population grew faster than
those from the southern population in both environments, which suggests an intrinsic influence
associated with source population (Fig. 3.2; Table 3.2). Both populations of S. undulatus also
grew faster in the southern, warmer environment than in the northern cooler environment,
however, the trend was only marginally significant (Table 3.2). No source population x growth
environment interaction was found, but planned pairwise comparisons did show differences in the
shape of population-specific reaction norms. The southern population of S. undulatus exhibited
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hatchling growth rates that were significantly slower in the cooler, northern environment than in
the warmer, native environment, but the northern population did not exhibit different growth rates
between growth environments (Table 3.3). These results suggest a larger reaction norm (greater
plasticity) associated with growth rates in the southern population. Together, these results
suggest a shift in the overall reaction norm as well as in the shapes. Correlation analyses also
found a negative relationship between growth rates and canopy cover in S. undulatus (Table 3.4).
In the survival analysis, the intercept-only model was the most parsimonious recapture
probability model before and after finding the most parsimonious survival probability model. The
intercept only recapture probability model was therefore used for all the survival models. The
model averaged recapture probability was (estimated probability ± 1SE) 0.52 ± 0.07 for
Sceloporus undulatus. All survival models that included a time parameter had ∆ QAICc values
greater than 10 (∆ QAICc =14-98), suggesting that differences in survival among intervals were of
little influence to the overall modelling of survival. Thus, models including a time parameter were
excluded.
Survival was influenced more by source population than growth environment in S.
undulatus. Model averaged survival was greater for the southern population in both growth
environments (Fig. 3.3), which suggests an intrinsic influence. Source population had an effect
size of 51% (an effect size of 100% being equivalent to one population having a survival
probability twice that of the other) in the northern growth environment and 41% in the southern
growth environment. So, on average the southern population had a monthly survival rate that
was 46% higher than the northern population.
Further support for a greater source population effect on survival than growth
environment was found in likelihood ratio tests among the models. The survival model with only
source population was more parsimonious than the population + environment model, which was
more parsimonious than the model with only growth environment (Table 3.5). Likelihood ratio
tests between the full population + environment model and the source population (P = 0.88) or
growth environment (P = 0.05) only models suggest that the growth environment only model is a
significantly worse descriptor of survival than the source population only model.
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Environmental and morphological covariates explained survival among treatments better
than the general population-environment models in Sceloporus undulatus (QAICc values in
Tables 3.5 & 3.6). Mass was used as an individual covariate to reflect body condition because
there was not a difference in SVL between populations (see Table 3.1). Individual mass (B =
2.56, CI = 0.41 to 4.71), average growth rates (B = -33.76, CI = -71.38 to 3.86), food availability
(B = 4.86, CI = -3.43 to 13.16), and activity periods (B = -0.003, CI = -0.016 to 0.010) all
influenced survival according to the most parsimonious S. undulatus models with ∆ QAICc values
of 2.0 or less (Table 3.6). However, mass was the only covariate with a CI that did not include
zero.
Heterogeneity was greater in the south for Sceloporus undulatus and canopy cover was
greater in the north. Thus, canopy cover showed a trend that was opposite to that of ground
cover heterogeneity (Table 3.7). Precipitation was not significantly different between the north
and south environments, however the trend showed greater precipitation in the south (Table 3.7).
Activity periods were greater in the southern environment for both populations of S. undulatus
(Table 3.7). Correlations among population-environment treatments included a positive
correlation between heterogeneity and food availability (r = 0.98, P = 0.021), and a negative
correlation between canopy cover and activity period (r = -0.96, P = 0.040).

Sceloporus woodi. Hatchlings from the southern population of Sceloporus woodi were
longer and heavier than those from the northern population (Table 3.1). The observed resident
growth rates also were marginally different between populations of S. woodi, with faster growth
rates associated with the northern population (Fig. 3.4; Table 3.8). In the reciprocal transplant
experiments hatchling growth rates were only influenced by source population. Individuals from
the northern population grew faster than those from the southern population, regardless of growth
environment, though the difference was marginally significant (Fig. 3.4; Table 3.8). The trend in
growth rates across growth environments was not significant (Table 3.8), but notably, was
opposite the trend found in S. undulatus, with individuals from both populations growing faster in
the cooler, northern environment. Furthermore, body condition was positively associated with
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growth rates (Table 3.8). No source population x growth environment interaction was found
(Table 3.8), and planned pairwise comparisons supported a conclusion that the shapes of the
population-specific reaction norms were similar (Table 3.9). Correlation analyses found no
environmental correlates with growth rates in S. woodi (Table 3.4).
In the survival analysis, the intercept-only model was the most parsimonious recapture
probability model before and after finding the most parsimonious survival probability model. The
intercept only recapture probability model was therefore used for all the survival models. The
model averaged recapture probability was (estimated probability ± 1SE) 0.39 ± 0.06 for S. woodi.
All survival models that included a time parameter had ∆ QAICc values greater than 10 (∆
QAICc=21-90), suggesting that differences in survival among intervals were of little influence to
the overall modeling of survival. Thus, models including a time parameter were excluded.
Survival was influenced more by growth environment than by source population in
Sceloporus woodi. Model averaged survival was greater in the southern environment for both the
northern and southern populations (Fig. 3.5). Source population had little to no effect on survival
in any environment (Fig. 3.5), however, growth environment had an effect size of 22% on the
northern population and 17% on the southern population. Likelihood ratio tests between the full
source population + growth environment model and the source population or growth environment
only models suggested no differences between these models (Table 3.10; P-values > 0.1). The
order of parsimony (growth environment only > source population + growth environment > source
population only), however, was in the opposite direction among the three models, compared to
the survival models of S. undulatus.
Environmental and morphological covariates explained survival among treatments better
than the general population-environment models in S. woodi also (QAICc values in Tables 3.10 &
3.11). Mass was used as an individual covariate because there were differences between
populations in SVL, mass, and body condition (Table 3.1) and mass was correlated with SVL
(P<0.001) and body condition (P=0.016). Individual mass (B = 5.75, CI = -2.36 to 13.86),
average growth rates (B = -11.14, CI = -54.93 to 32.66), heterogeneity (B = -0.02, CI = -0.05 to
0.02), and food availability (B = 0.28, CI = -0.88 to 1.45) were the covariates in the most
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parsimonious S. woodi models (Table 3.11), however, all confidence intervals included zero.
Heterogeneity and canopy cover were both greater in the north for S. woodi. Thus, the parallel
trend between canopy cover and heterogeneity is different than the opposing trend between
canopy cover and heterogeneity found between S. undulatus habitats (Table 3.7). Precipitation
also was not significantly different between the north and south environments for S. woodi,
however the trend showed greater precipitation in the south (Table 3.7). Activity periods did not
differ between environments for both populations of S. woodi (Table 3.7). Correlations among
source population-growth environment treatments included a positive correlation between
heterogeneity and canopy cover (r = 0.99, P = 0.011).

Summary of overall trends. In Sceloporus undulatus, extrinsic growth rates of
residents in their native environments were similar, but faster intrinsic growth rates were
associated with the northern population. Greater intrinsic survival rates were associated with the
southern population. In S. woodi, hatchlings from the northern population had greater body sizes
at hatching, faster extrinsic growth rates (residents in their native environments), and faster
intrinsic growth rates. Greater intrinsic survival rates were associated with the southern growth
environment, but not significantly. Across all treatments and both species, survival was
negatively related to activity periods, which was consistent with the negative, although nonsignificant, relationship within each species (Table 3.4). Survival was not directly related with any
environmental variables within either species (Table 3.4).

Discussion
Minimal geographic variation in life history tactics can have significant and complex
intrinsic underpinnings that are masked by the interaction between plastic and adaptive
responses to the environment. These lizard populations are separated by a mere 2° latitudinal
distance, which corresponds to experiencing a 1° C average monthly difference in temperature
(Robbins 2010). In Sceloporus undulatus, the larger adult body sizes in the southern population
were not a result of faster extrinsic juvenile growth rates, although potential activity periods were
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greater in the southern environment. In fact, the extrinsic growth rates were similar between the
north and south resident populations. Furthermore, we found population-specific, intrinsic,
differences in juvenile growth rates and survival. The null hypotheses of cogradient variation in
extrinsic juvenile growth rates and similar survival, therefore, were not supported. The larger
adult body sizes in the southern population can be explained by greater intrinsic survival that
translated into greater extrinsic survival. In S. woodi, the similar adult body sizes between the
north and south populations could be explained by faster intrinsic and extrinsic juvenile growth
rates observed in the northern population when in their native environment. We did not observe
greater potential activity periods in the southern environment. Juvenile survival, although slightly
higher for both populations in the southern environment, was not different between populations.
The hypotheses of countergradient variation in extrinsic growth rates, through intrinsic
differences, and similar survival, therefore, were supported. In S. woodi, the similarity in adult
body sizes between populations is likely a result of adaptive responses.

Reaction norms and effects of environmental variables in Sceloporus undulatus.
In Sceloporus undulatus, the effects of both source population and growth environment on growth
rates reveal adaptive differences between populations that are masked by plastic responses to
the environment. The effect of source population on growth rates suggests a shift in reaction
norms between populations with individuals from the cooler, northern environment growing faster
than those from the warmer, southern environment regardless of the growth environment
experienced (Fig. 3.2; Table 3.2 ). Thus, a population level adaptive response has occurred
between these populations. Although we observed faster growth from both source populations
when in the southern environment, the observed geographic variation of resident growth rates
was statistically indistinguishable and consistent with countergradient variation (Table 3.2). The
effect of growth environment on growth rates influenced the southern population more than the
northern population. The southern population had significantly faster growth in the warmer,
southern environment compared with that in the cooler, northern environment (Table 3.3). The
greater plastic response of the southern population compared to the northern population implies
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population-specific reaction norms of different shape. Overall, the plasticity of growth rates may
have been influenced by canopy cover, activity period, and/or food availability. Although activity
period was not directly associated with growth rates among treatments, growth rates were directly
associated, negatively, with canopy cover, which was negatively associated with activity period.
The positive relationship between growth and activity is at least consistent with this hypothesis
(Table 3.4). Food availability was not associated with growth rates at the treatment level, but the
trends between growth environments were similar. Food availability was greater in the southern
environment where growth rates were also faster (Table 3.7, Fig. 3.2). To understand the full
extent to which these reaction norms are different and associated with each environmental
variable, studies examining growth rates in multiple environments are warranted.
Survivorship was influenced by source population suggesting possible adaptive
significance, although maternal effects cannot be ruled out. Growth environment did not
influence survival in the general models, and correlation analyses found no relationships between
survival and any environmental variable within Sceloporus undulatus (Table 3.4). Indeed,
individual mass is the only covariate that significantly influenced survival in the mark-recapture
covariate models. If there is some adaptive significance, it may be linked simply to intrinsic
survival or behavioral modifications that decrease conspicuousness to predators. The higher
survival of the southern population may also be associated with the greater food availability in the
southern environment. We can rule out that greater food availability directly caused greater
survival because the greater survival of the southern population was observed in both
environments. The gravid females that were initially captured in the southern environment,
however, may be higher quality parents and have higher quality offspring (Roff 1997). We did not
have the data to test specifically for a delayed response to food availability. We do note,
however, that there was no difference in offspring body sizes at release between the north and
south populations. Illuminating population-specific reasons for this survival differential
necessitates further study.
The hypothesis that longer activity periods are associated with lower juvenile survival was
not supported by our data. In Sceloporus undualtus, potential activity periods were greater in the
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southern environment, but extrinsic juvenile survival was not lower within either population
because of the southern environment. Instead, population-specific, intrinsic, juvenile survival was
higher in the southern population regardless of environment. Perhaps intrinsic survival increased
through a compensatory reaction to selection, but it does not appear to be directly related to
activity periods.

Reaction norms and effects of environmental variables in Sceloporus woodi. In
Sceloporus woodi, the observed geographic variation in resident population growth rates also
followed a countergradient, with faster growth rates observed in individuals from the northern
population in their native, cooler environment (Fig. 3.4; Table 3.8). This observation is consistent
with the expected adaptive response. Faster growth rates occurred also for individuals from the
northern population, regardless of the growth environment experienced (Fig. 3.4; Table 3.8).
Reaction norms therefore marginally shifted in the same direction as they did in S. undulatus (Fig.
3.4). The shapes, however, of the population-specific reaction norms were similar in S. woodi
(Fig. 3.4; Table 3.9). Notably, the influence of growth environment, although non-significant, was
opposite in direction to that found in S. undulatus. Both populations tended to grow faster when
experiencing the cooler environment (Fig. 3.4). Body condition, which was different between
source populations at time of release, appears to be the most influential variable on growth rates.
Individuals with greater body condition had faster growth rates. The few differences that did exist
between the environments, heterogeneity and canopy cover, had no discernable relationship with
growth rates among treatments. Also, we should have observed longer activity periods in the
southern environment, however, estimated potential activity periods were not different between
treatments or environments. As a result, the hypothesis that longer activity periods are
associated with lower juvenile survival could not be tested within S. woodi because potential
activity periods were not different between the population-environment treatments. Interestingly,
however, survivorship also did not differ among treatments nor was it considerably influenced by
any morphological or environmental covariates.
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Potential activity periods are estimated by comparing the range of active body
temperatures to the range of microhabitat temperatures available. Potential activity periods,
therefore, change according to the range of active body temperatures. In Sceloporus undulatus
active body temperatures are similar among populations that span its large geographic range
(Andrews 1998), which is why potential activity periods generally increase as environmental
temperatures increase. It is possible that active body temperatures are different among
populations of S. woodi. Also, the Florida scrub habitat associated with S. woodi has relatively
sparse canopy cover, but is spatially heterogeneous with regard to the low lying vegetation. With
much direct sunlight, microhabitat availability may shift spatially, but result in similar overall
availability even when average environmental temperatures change. Examining these
hypotheses would be an important next step in elucidating the reasons for the unexpected similar
potential activity periods observed between the population-environment treatments of S. woodi.

Large scale versus small scale trends in adult body sizes. Because life history
tactics of adults in these particular populations were previously studied, we can examine how
relationships among traits such as adult body size, juvenile growth rates, and juvenile survival fit
within the larger body of theory. On a large geographic scale, Sceloporus undulatus exhibits
countergradient variation in adult body size and intrinsic growth rates. As environmental
temperatures decrease adult body sizes increase and extrinsic growth rates decrease while
intrinsic growth rates increase in a compensatory fashion. Therefore, the larger adult body sizes
are achieved through higher juvenile survival rates (Angilletta et al. 2004b; Sears and Angilletta
2004); Sears and Angilletta 2004), not faster extrinsic growth. The populations studied here were
examined on a relatively small geographic scale. Adult body sizes in these two S. undulatus
populations follow a cogradient pattern, larger adult body sizes in the warmer environment, and in
these two S. woodi populations follow a countergradient pattern (lack of variation). Among these
Florida populations, as environmental temperature decreases S. undulatus shows an increase in
intrinsic growth rates and no change in extrinsic growth rates, while adult body size and
population-specific survival decreases. In S. woodi, as environmental temperature decreases we
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see an increase in intrinsic and extrinsic growth rates, and no change in adult body size or
juvenile survival. The relationships among environmental temperatures, adult body sizes, growth
rates, and survival on a fine geographic scale are not consistent with the large scale trends.
Ignoring the environmental temperature gradient, the relationships among adult body size,
extrinsic growth rates, and juvenile survival are, however, consistent with the large scale
explanations, but only in Sceloporus undulatus. Because of greater survival, growth could occur
during a longer time period to achieve the larger adult body sizes (e.g. Angilletta et al. 2004b;
Sears and Angilletta 2004). Intrinsic growth rates, however, are already changing in a manner
consistent with the large scale trends associated with the environmental temperature gradient.
Populations experiencing cooler environments exhibited faster intrinsic growth rates, which
actually occurred in both S. undulatus and S. woodi. In S. woodi, however, it was not higher
survival that allowed more time to grow to larger adult body sizes. Instead, faster intrinsic growth
rates in the north resulted in faster extrinsic growth rates and subsequently larger adult body
sizes than expected. As a result, adult body sizes were similar between north and south
populations. On fine geographic scales there appears to be complex relationships among
environmental temperatures and trade-offs among life history traits of Sceloporus lizards.

Conclusions. In conclusion, even small environmental gradients cause adaptive
population level responses that can result in countergradient variation where observed
geographic variation appears non-existent, as in the extrinsic growth rates of Sceloporus
undulatus or the adult body sizes of S. woodi. This study reveals that population-specific survival,
which is likely intrinsic, may play an underappreciated role in life history variation. It is especially
the case when differences in intrinsic survival can be found between populations in proximity to
each other. Between populations within both species, although stronger in S. undulatus, higher
intrinsic growth rates were associated with lower intrinsic and extrinsic juvenile survival in the
cooler environment. How do we end up with the large scale trend of higher intrinsic growth rates
associated with higher extrinsic juvenile survival in cooler environments? Is it strictly
environmental pressures, such as predation or competition that ease up in much northern
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populations to increase extrinsic juvenile survival? Does intrinsic juvenile survival increase after
some geographic threshold is reached? Or is it both? This study only begins to examine the
process through which life histories switch from the plastic responses to the adaptive responses
that ultimately result in large scale geographic variation. It appears that intrinsic growth rates are
under strong selection and may be one of the first traits to adapt.
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Florida Peninsula
S. woodi
± 0.67

S. undulatus

Figure 3.1. Map of reciprocal transplant locations. Reciprocal transplants were conducted
between the north and south populations within each species.
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Figure 3.2. Growth rates of resident and reciprocally transplanted hatchlings of S. undulatus in
warmer, southern and cooler, northern habitats. Points are estimated marginal means. Error
bars represent 1 standard error. (N) refers to North and (S) refers to South with respect to source
population.
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Figure 3.3. Survivorship of resident and reciprocally transplanted hatchlings of Sceloporus
undulatus in warmer, southern and cooler, northern habitats. Points are survival estimates from
the program MARK. Error bars represent 1 standard error. (N) refers to North and (S) refers to
South with respect to source population.
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Figure 3.4. Growth rates of resident and reciprocally transplanted hatchlings of Sceloporus
woodi in warmer, southern and cooler, northern habitats. Points are estimated marginal means.
Error bars represent 1 standard error. (N) refers to North and (S) refers to South with respect to
source population.
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Figure 3.5. Survivorship of resident and reciprocally transplanted hatchlings of Sceloporus woodi
in warmer, southern and cooler, northern habitats. Points are survival estimates from the
program MARK. Error bars represent 1 standard error. (N) refers to North and (S) refers to South
with respect to source population.
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Table 3.1. Effects of source population on morphological traits at time of release into the field.

Sceloporus undulatus
Mean ± 1SE

Sceloporus woodi
ANOVA

Mean ± 1SE

ANOVA

Trait at release

Ocala (N)

Balm (S)

F

P

Ocala (N)

Avon (S)

F

P

SVL (mm)

31.2 ± 0.4

31.0 ± 0.5

0.14

0.71

28.3 ± 0.5

30.7 ± 0.7

7.02

0.01

Mass (g)

1.29 ± 0.05

1.22 ± 0.06

0.92

0.34

0.86 ± 0.06

1.18 ± 0.07

11.92

< 0.01

Body condition (mm/g)

1.28 ± 0.02

1.24 ± 0.02

2.51

0.12

0.95 ± 0.02

1.04 ± 0.03

6.98

0.01
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Table 3.2. ANOVA results for growth rates among resident populations and reciprocally
transplanted hatchlings of Sceloporus undulatus.

Residents

Reciprocal transplant

Source

F

SVL (mm)

1.350

0.266

0.823

0.371

Source population

0.039

0.847

5.408

0.027

3.553

0.069

0.811

0.374

Growth environment

-

P

-

Pop x env
* SVL refers to snout-vent-length of hatchlings at time of release.

F

P
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Table 3.3. Results of post-hoc ANOVAs on population-specific (North and South) growth rates
among growth environments for Sceloporus undulatus.

Source population
North
Source

F

SVL (mm)

1.369

South
P
0.260

F
0.105

P
0.750

0.002
Growth environment
0.424
0.525
14.566
* This analysis tests plasticity of population-specific reaction norms for growth rates.
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Table 3.4. Relationships between environmental variables, growth, and survival across and
within species.

Within species (N=4)

Across species
(N=8)

S. undulatus
Trait

r

P

r

P

S. woodi
r

P

Growth
Survival

-0.45

0.259

-0.77

0.228

-0.84

0.158

0.62

0.099

0.75

0.247

0.45

0.551

Canopy

-0.23

0.576

-0.98

0.025

0.55

0.447

Activity

0.13

0.761

0.90

0.101

0.82

0.180

Food availability

0.24

0.571

0.65

0.348

-0.23

0.770

0.01

0.990

-0.24

0.761

-0.84

0.160

Canopy

-0.67

0.068

0.63

0.373

-0.88

0.118

Activity

-0.78

0.024

-0.55

0.451

-0.50

0.498

Food availability
0.08
0.842
-0.06
0.940
0.04
* r = Pearson correlation coefficient. Significant probabilities are denoted in bold.

0.957

Heterogeneity

Survival
Heterogeneity
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Table 3.5. Survival models including source population (pop) and growth environment (env) for
resident and reciprocally transplanted hatchlings of Sceloporus undulatus in warmer, southern
and cooler, northern habitats.

Model

QAICc

 QAICc

wi

L

K

QDev

Φ(pop)p( . )

185.2

0.0

0.46

1.00

3

179.1

Φ( . )p( . )

187.0

1.8

0.19

0.41

2

183.0

Φ(pop + env)p( . )

187.3

2.0

0.17

0.36

4

179.1

Φ(pop * env)p( . )

188.2

2.9

0.11

0.23

5

177.9

Φ(env)p( . )
3.8
0.07
0.15
3
189.0
* Candidate models were evaluated using the Akaike’s Information Criterion (AIC).

182.9

QAICc =

quasi-likelihood adjusted and sample-size corrected AIC. ∆ QAICc = QAICc relative to most
parsimonious model.

wi = Akaike weight of model. L = model likelihood. K = number of

parameters in model.

QDev = quasi-likelihood adjusted deviance. ( . ) = intercept only model.

Φ = survival probability. p = recapture probability.
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Table 3.6. Survival models including only covariates of source population and growth
environment for resident and reciprocally transplanted hatchlings of Sceloporus undulatus in
warmer, southern and cooler, northern habitats.

wi

L

0.0

0.34

1.00

4

172.9

181.5

0.4

0.27

0.80

5

171.3

182.1

1.0

0.21

0.61

5

171.8

QAICc

 QAICc

Φ(mass) (growth)p( . )

181.1

Φ(mass) (food) (growth)p( . )
Φ(mass) (activity) (food)p( . )

Model

K

QDev

Φ(mass) (activity) (growth)p( . )
182.4
1.3
0.17 0.51
5
172.2
* Candidate models were evaluated using the Akaike’s Information Criterion (AIC). QAICc =
quasi-likelihood adjusted and sample-size corrected AIC.

∆ QAICc = QAICc relative to most

parsimonious model.

wi = Akaike weight of model. L = model likelihood. K = number of

parameters in model.

QDev = quasi-likelihood adjusted deviance. ( . ) = intercept only model.

Φ = survival probability. p = recapture probability. mass = individual hatchling masses at release.
activity = potential activity periods; see text for estimation. food= food availability per trap per day.
growth = average growth rate specific to each population-environment unit.
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Table 3.7. Relationships among population-environment treatments with regard to environmental variables.

Environmental variable

NN

Sceloporus undulatus

Sceloporus woodi

Treatments

Treatments

NS

SS

A

68

A

53

282(23)

A

367(31)

890(74)

A

1032(86)

Heterogeneity (%)

23

Canopy cover (%)

60

Precipitation (mm)
Activity period (hours)

A

SN

B

56

A

58

A

B
B

NN

B

13

A

71

367(31)

A

935(78)

B

B

NS

A

81

B

18

282(23)

A

806(67)

A

A

SS

A

37

A

2

110(11)

A

604(60)

A

A

SN

B

44

B

1

151(15)

A

588(59)

A

AB

B

88

B

21

151(15)

A

110(11)

A

529(53)

A

528(53)

A

AB

A
A

B

Food availability (mm/trap/day)
0.93
1.10
1.10
0.91
0.90
1.01
1.00
1.25
* Matching superscripts denote statistically similar values. Heterogeneity and canopy cover are shown as percent cover. Precipitation

and activity period are shown as totals with the estimated marginal means across time intervals in parentheses. Treatments are shown as
abbreviated latitudes denoting population of origin first and environment second. For example, NS means the northern population in the
southern environment.
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Table 3.8. Results of ANOVAs for growth rates among resident populations and reciprocally
transplanted hatchlings of Sceloporus woodi.

Residents

Reciprocal transplant

Source

F

SVL (mm)

0.009

0.926

0.150

0.701

Body condition

2.410

0.140

7.825

0.009

Source population

3.940

0.065

3.562

0.068

2.322

0.137

Growth environment

-

P

-

F

P

Pop x env
0.229
0.636
* SVL (referring to snout-vent-length) and body condition are of hatchlings at time of release.
Significant probabilities are denoted in bold.
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Table 3.9. Results of post-hoc ANOVAs on population-specific (North and South) growth rates
among growth environments for Sceloporus woodi.

Source population
North

South

Source

F

SVL (mm)

0.332

0.572

0.876

0.368

10.888

0.004

0.060

0.811

Body condition

P

F

P

Growth environment
0.138
0.714
3.213
0.098
* This analysis tests plasticity of population-specific reaction norms for growth rates.
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Table 3.10. Survival models including source population (pop) and growth environment (env) for
resident and reciprocally transplanted hatchlings of Sceloporus woodi in warmer, southern and
cooler, northern habitats.

Model

QAICc

 QAICc

wi

L

K

QDev

Φ(env)p( . )

183.3

0.0

0.31

1.00

3

135.2

Φ( . )p( . )

183.4

0.1

0.30

0.96

2

137.4

Φ(pop + env)p( . )

184.5

1.1

0.18

0.57

4

134.2

Φ(pop)p( . )

184.9

1.5

0.15

0.46

3

136.7

Φ(pop * env)p( . )
3.2
0.06
0.20
5
186.6
* Candidate models were evaluated using the Akaike’s Information Criterion (AIC).

134.2

quasi-likelihood adjusted and sample-size corrected

QAICc =

AIC. ∆ QAICc = QAICc relative to most

parsimonious model.

wi = Akaike weight of model. L = model likelihood. K = number of

parameters in model.

QDev = quasi-likelihood adjusted deviance. ( . ) = intercept only model.

Φ = survival probability. p = recapture probability.
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Table 3.11. Survival models including only covariates of source population and growth
environment for resident and reciprocally transplanted hatchlings of Sceloporus woodi in warmer,
southern and cooler, northern habitats.

wi

L

QDev

QAICc

 QAICc

Φ(mass) (hetero)p( . )

179.3

0.0

0.31

1.00

4

171.0

Φ(mass)p( . )

179.3

0.0

0.31

1.00

3

173.2

Φ(mass) (growth)p( . )

180.7

1.4

0.15

0.49

4

172.5

Φ(mass) (hetero) (food)p( . )

181.2

1.9

0.12

0.40

5

170.8

Model

K

Φ(mass) (hetero) (growth)p( . )
181.3
2.0
0.11
0.37
5
170.9
* Candidate models were evaluated using the Akaike’s Information Criterion (AIC). QAICc =
quasi-likelihood adjusted and sample-size corrected

AIC. ∆ QAICc = QAICc relative to most

parsimonious model.

wi = Akaike weight of model. L = model likelihood. K = number of

parameters in model.

QDev = quasi-likelihood adjusted deviance. ( . ) = intercept only model.

Φ = survival probability. p = recapture probability. svl = individual hatchling snout-vent length at
release. hetero = vegetative heterogeneity between 0 and 66 cm above ground for each
population-environment unit. food= food availability per trap per day. growth = average growth
rate specific to each population-environment unit.
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Chapter 4:
Habitat-specific Adaptations in Growth Rates Play a Role in Species Distribution of
Sceloporus Lizards in Florida

Abstract
Habitat-specific adaptations are important in determining subsequent species’
distributions because they often result in fitness trade-offs across environments. Indeed, many
studies examining the relative fitness of native and foreign populations in particular habitats have
found greater fitness associated with the native populations in their native environment. Native
populations do not always, however, have greater fitness than foreign transplants. Furthermore,
the ecological factors responsible for species distributions vary considerably from abiotic factors
to biotic factors and their interactions, and are rarely well understood. To understand how habitat
differentiation contributes to divergent selection, subsequent reproductive isolation, and species’
distributions, reciprocal transplant experiments between species and habitats are necessary. In
this study, we examined habitat-specific adaptations in juvenile growth rates and survival using a
reciprocal transplant experiment between species and habitats of the Eastern Fence Lizard,
Sceloporus undulatus, and the Florida Scrub Lizard, S. woodi. Two populations of each species
were reciprocally transplanted. Because of previous work on these populations, we also had
minimum size at maturity that could be used to determine whether delayed maturity occurs for
these populations in the foreign habitats. Juvenile survival rates also allowed us to estimate the
probability that individuals from each population will reach the minimum size at maturity in each
habitat. Habitat-specific adaptations were present in juvenile growth rates, but not juvenile
survival. A home advantage in juvenile growth rates was seen, in that each native species grew
faster in their native environment than did the foreign species. Juvenile survival, however, was
similar for both species in all environments, which suggests that reproductive isolation does not
90

occur simply through decreased juvenile survival in the foreign environments. When juvenile
growth rates and survival were examined together with population-specific minimum size at
maturity, however, there were overall habitat-specific adaptations with regard to the probability of
reaching size at maturity. Home-site advantages were seen, in that each species had a higher
average probability of reaching size at maturity in their native habitats, relative to the foreign
species. Furthermore, when each species was in the foreign habitat they had an extremely low
probability, on average, of reaching size at maturity. Although multiple mechanisms may be
synergistically involved in the reproductive isolation observed between S. undulatus and S.
woodi, it appears that the probability of reaching size at maturity in each others’ habitats is at
least part of the story.

Key words. Species concepts, lizards, squamates, juvenile survival, local adaptation

Introduction
Habitat-specific adaptations are important in determining subsequent species’
distributions because they often result in fitness trade-offs across environments. Indeed, many
studies examining the relative fitness of native and foreign populations in particular habitats have
found greater fitness associated with the native populations in their native environments
(Hereford 2009; Kawecki and Ebert 2004; Linhart and Grant 1996). These local adaptations are
strong examples of the process of natural selection that can even lead to prezygotic or
postzygotic reproductive isolating barriers that delineate species bounderies (Coyne and Orr
2004; Hendry et al. 2007; Lowry et al. 2008; McKinnon et al. 2004; Nosil 2007; Rundle 2002;
Rundle and Nosil 2005; Schluter 2001; Via et al. 2000). Native populations do not always have
greater fitness than foreign transplants, however (e.g. Galloway and Fenster 2000; Hereford and
Winn 2008; Rice and Mack 1991). Furthermore, the ecological factors responsible for species
distributions include abiotic variables (Cumming 2002; Root 1988) biotic variables (Bullock et al.
2000; Terborgh and Weske 1975) and interactions among variables (Randall 1982; Taniguchi
and Nakano 2000), and are rarely understood well. To understand how habitat differentiation
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contributes to divergent selection, subsequent reproductive isolation, and species’ distributions,
reciprocal transplant experiments between species and habitats are necessary. Reciprocal
transplant experiments allow us to differentiate between environmental and population-specific
influence on phenotypic variation and fitness, and many reciprocal transplant studies have found
that habitat-specific adaptations play a role in restricting gene flow between species (Angert and
Schemske 2005; Hall and Willis 2006; Linhart and Grant 1996; Nagy and Rice 1997; Rieseberg
and Willis 2007; Wang et al. 1997).
Sceloporus lizards in Florida provide a system to test the role of habitat-specific
adaptations in limiting species’ distributions. Two sister species, the Eastern Fence Lizard (S.
undulatus) and the Florida Scrub Lizard (S. woodi), exhibit habitat specificity in Florida. In central
Florida, S. undulatus is found in sandhill habitat and S. woodi in open scrub habitat on remnant
Pliocene and Pleistocene sand ridges. Sandhill consists of long-leaf pines, turkey oaks, and
ground cover of wiregrass and fallen pine needles. Open scrub habitat consists of sparse sand
pines, oak shrubs, and extensive bare ground (Myers and Ewel 1990b). Fossil evidence of S.
undulatus and genetic variation among S. woodi populations suggest that these species have
been distinct in Florida for more than one million years (Clark et al. 1999; Myers and Ewel
1990a). It is unclear how long both species have been living parapatrically, although perhaps
longer than 100,000 years (Brooks 1972). Although data suggest that S. undulatus and S. woodi
have been distinct for at least one million years, where the open scrub and sandhill habitats are
adjacent these two species hybridize, producing viable hybrids and no apparent hybrid
breakdown (Jackson 1972; Robbins et al. 2010). Analyses of gut contents indicate that the diets
of the two species are similar in composition as well (Jackson 1973b).
The most conspicuous factor separating the two species of Sceloporus is their habitat
specificity, which may be induced through habitat-specific adaptations and lower fitness in the
respective foreign habitats leading to reproductive isolation. We do know that S. undulatus males
are more aggressive than S. woodi males and win agonistic encounters 100% of the time
(Robbins et al. 2010), which implies a competitive advantage to S. undulatus, at least to male
lizards. Because hybridization results in viable hybrids, genetic swamping in either direction is
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also possible. However, S. undulatus males have not overrun the scrub habitat and genetic
swamping has not been observed. Sceloporus undulatus and S. woodi remain distinct species
associated with distinct habitats.
In this study, we examine habitat-specific adaptations in juvenile growth rates and
survival using a reciprocal transplant experiment between species and habitats. Because of
previous work on these populations, we know minimum sizes at maturity, which can be used to
determine whether delayed maturity occurs in the foreign habitats. We use juvenile survival rates
to estimate the probability that individuals from each population will reach the minimum size at
maturity in each habitat. Because the two species remain distinct and exhibit habitat specificity,
we predicted that individuals of each population would have faster growth rates and greater
survival when in their native habitat. We also predicted that each species in the foreign habitat
would exhibit delayed maturity and/or a lower probability of reaching maturity, when compared to
the native species in its native habitat. We measured habitat-specific variables to elucidate which
ecological factor(s) may be responsible for any habitat-specific adaptations.

Methods
Collection and housing of female lizards. Female Sceloporus lizards (N=109) were
collected from four populations in Florida, one northern and one southern population of each
species. Collecting occurred from March to September in 2005. The northern populations were
collected from the Ocala National Forest, Marion County. Each species was collected from their
respective habitats, which included a S. undulatus population (N=37) from N 29°02’18”, W
81°33’35”and a S. woodi population (N=20) from N 29°06’29”, W 81°48’34”(Fig. 4.1). The
southern populations of S. undulatus (N=31) and S. woodi (N=21) were collected from Balm
Boyette Preserve, Hillsborough County, N 27° 45’ 60”, W 82° 15’ 07”, and Avon Park Air Force
Range, Highlands County, N 27° 37’ 07”, W 81° 15’20”, respectively. Lizards were captured
using a noosing technique, given a unique toe clip for identification (Waichman 1992), contained
individually in a cotton bag or plastic-ware, and then collectively transported in a cooler kept at
20-30° C back to the campus of the University of South Florida, Tampa, Florida, USA.
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Each lizard was housed individually in the laboratory, labelled by their toe clip, species,
capture date, and site of origin, and provided fresh water and crickets daily. Containers (30 x 17
x 12 cm) included a sand substrate, water dish, and plastic cover object for basking and refuge.
Heat lamps maintained temperature gradients within containers that averaged 31° C during the
daytime portion of a 12/12 hr day/night cycle.

Egg incubation and hatchling husbandry. Each lizard and housing was checked daily
for oviposition. After oviposition, each clutch (N=109) of eggs (N=620) was placed in a glass jar
(120 ml) and buried completely in vermiculite that was premixed to a water potential of –450 kPa.
Water potential for vermiculite was determined by Packard et al. (1987). All vermiculite was
oven-dried at 100°C for at least 4 hours prior to mixing with distilled water. Each jar was covered
with plastic kitchen wrap, sealed with a rubber band and placed in an incubator set at a constant
28°C. Vermiculite was replaced for each clutch on day 25 of incubation.
Eggs in the incubator were checked daily for hatchlings (N=509). Each hatchling was
marked with a unique combination of toe-clips (Waichman 1992) and housed in a 38-liter (10+
gallon) terrarium in the laboratory prior to their release in the field. Hatchling mortality is greatest
during the first few weeks after hatching for many reptiles (Crenshaw 1955; Iverson 1991; Tinkle
1967; Warner and Shine 2005), so hatchlings were housed in the laboratory for eight weeks
before being released to ensure successful mark-recapture survival analyses. We provided water
and crickets (dusted with vitamin/mineral mix) daily for the hatchlings. For each individual,
hatchling sex was recorded, and their SVL, TL, and mass (to the nearest 0.0001 g) measured
before release. Male and female hatchlings did not differ in any phenotype (all P > 0.25), thus
they were combined for all analyses.

Reciprocal transplants. After housing the gravid females, incubating their eggs, and
raising the hatchlings for eight weeks all under identical conditions, hatchlings were released into
the field under a reciprocal transplant design. At each site, the reciprocal transplant design
included two enclosures constructed of a 61 cm aluminum flashing fence that was buried 13 cm
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into the ground and reinforced by metal posts (electrical conduit) at 1.5 m intervals. The
enclosure for resident hatchlings was 40 x 40 m and the enclosure for transplanted individuals
was 40 x 60 m. The enclosure for transplanted individuals was larger because it was holding
individuals from two transplanted populations of the same species. Only one of the transplanted
populations at each site was included in this study, but the densities within the enclosures were
within the normal range found in the field (20 to 124 hatchling lizards per hectare; Crenshaw
1955; McCoy et al. 2004; Niewiarowski 1994). A 1 m perimeter within each enclosure was
cleared and mowed to inhibit climbing and jumping out of the enclosure. Hatchlings (N=192
total) were released in the enclosures (from September to December 2005) in a split-clutch
design with approximately half of each clutch being released at their site of capture as residents
and half at the other respective site (within latitudes in sandhill or scrub habitats). Reciprocal
transplants were conducted within latitudes, between species, and therefore between the sandhill
and scrub habitats. The design resulted in four treatments per species – that of the northern
populations of each species released in the s(A)ndhill habitat (treatment acronyms refer, for
example, to (N)orth (U)ndulatus s(A)ndhill; NUA; S. undulatus N=31; NWA, S. woodi, N=22), the
northern populations of each species released in the s(C)rub habitat (NUC; S. undulatus, N=25;
NWC, S. woodi, N=25), the southern populations of each species released in the s(A)ndhill
habitat (SUA; S. undulatus, N=29; SWA, S. woodi, N=14), and the southern populations of each
species released in the s(C)rub habitat (SUC; S. undulatus, N=31; SWC, S. woodi, N=15). To
increase sample sizes where necessary, hatchlings caught in the field (N=92) were used to
supplement the lab raised hatchlings. For S. undulatus 25-40% of hatchlings released at each
site were field caught, and for S. woodi 67-77% of those released were field caught. Each of the
four sites was methodically searched approximately every 10 days by walking around the inside
perimeter of each enclosure and then zig-zagging through the enclosure in one direction, turning,
and ziz-zagging through the enclosure in the perpendicular direction. Searches occurred
between 900-1500 hours from September 2005 to March 2006, and lasted at least 8 weeks after
the last hatchling was released. When hatchlings were sighted, they were captured by noosing,
identified by their unique toe clip combination, and their SVL, TL, and mass were measured with
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a ruler to the nearest 0.5 mm and with a Pesola spring scale to the nearest 0.05 g, respectively.
With these data growth rates and survivorship can be assessed (see Data Analyses section).

Environmental covariates. We measured precipitation, ground cover heterogeneity,
canopy cover, and food availability associated with both habitats. Potential activity periods were
also estimated for both species in each habitat. Precipitation (mm) was measured with a rain
gauge that was checked and emptied during each site visit. We measured ground cover
heterogeneity and canopy cover at each point of a 16 point grid within each enclosure. Points
were 10 meters apart. We surveyed each point in all four cardinal directions and used the
average value as the sample unit. We measured ground cover heterogeneity using a vertical
density board (Nudds 1977) from 5 meters away to eliminate spatial overlap of data collection.
Heterogeneity was evaluated near the ground from 0 – 66 cm. Canopy cover was measured with
a spherical densiometer from 1.3 m above ground and one meter from each point. Both
vegetation measurements were estimated as percent cover. Food availability was measured
throughout the mark-recapture experiment using an array of pitfall traps (15 traps at each of the 4
sites) that were opened approximately once a month for five trapping periods between August
and January 2005-2006. Each trapping period lasted 3-10 days. The index of total biomass per
trap per day was estimated by summing the lengths of the individual arthropods caught in each
trap during each time period and dividing by the number of days open. Arthropods greater than 5
mm in length were considered too large for consumption and not included in the analysis
(Jackson 1973b).
Potential activity periods were estimated between each lizard capture occasion. We
followed the procedure in Grant and Dunham (1988) with slight modifications. Active lizard body
temperatures were recorded for individuals of each population in their respective habitats (S.
undulatus, N=116 for Ocala and N=68 for Balm; S. woodi, N=91 for Ocala, N=63 for Avon) with a
quick-read cloacal thermomether. If eggs were felt when a female lizard was palpated, that
individual was considered gravid, and body temperatures of gravid females were not used to
calculate activity periods. Using 90% of the active lizard body temperatures we derived a
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minimum and maximum active lizard body temperature and used these limits to bracket the
operative environmental temperatures measured by temperature logger arrays placed at each
site. These logger arrays consisted of five ibuttons (Thermochron, model # DS1921; Maxim
Integrated Products, Dallas Semiconductor, Sunnyvale, CA; www.ibutton.com) in a cross pattern
that was 1 m across. Some logger arrays were randomly placed on the ground (using a random
number table and a coordinated grid superimposed over a map of the site) and others on trees.
Those placed on trees consisted of five loggers strung together in a line and evenly spaced
across a meter. The string of loggers was placed around tree trunks in a spiral pattern,
alternately at 0.5 and 1 m above the ground. A tree logger array was used because both species
use tree trunks to perch and bask, although Sceloporus undulatus is more arboreal than S.
woodi. At each site, all trees within a 60 x 80 meter area (including inside the enclosures) were
tagged and randomly selected by number for placement of the tree logger array.
Logger arrays were moved (randomly placed) during each site visit, and the data
periodically downloaded. Temperatures were recorded every 15 minutes (n=911,702). If 10% or
more of the operative temperatures in at least 2 logger arrays during any 15 minute period were
within the lizard body temperature minimum and maximum, potential for lizard activity was
assumed. We summed these 15 minute periods to calculate hours per day of potential lizard
activity and then summed the daily activity periods to calculate the total potential activity periods
between each lizard capture occasion. If daily activity periods were missing because of logger
malfunction we added the mean daily activity period of the particular capture interval for each
missing day. Spatial autocorrelation of temperature loggers was also tested by comparing
temperature variation within arrays to variation among arrays and no difference was found. We
used 15 minute periods from 5 days between 1400-1600 hours to account for the angle of the
sun. We used periods with averages of 42 ± 1 °C, which is relatively high, allowing for
temperature variation and only occurring when the sun is present. We tested if the variances
were different with an ANOVA using standard deviates from the mean as the response variable
and array as the factor.
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Data analyses. Growth rates (Sceloporus undulatus, N=48; S. woodi, N=33) were
assessed between species and habitats with latitude included as a blocking variable because
differences between north and south populations of each species are known to exist (Robbins
2010). Interactions between species x habitat and latitude x habitat were also included in the
ANCOVA model with SVL at release as covariate to control for size dependent growth. The
species x habitat interaction was included because a significant interaction would suggest
different reactions of both species to each habitat. The latitude x habitat interaction was included
to assess site-specific responses in growth rates because some environmental variables were
different among all four sites. Individual daily growth rates were calculated by subtracting SVL at
release from SVL at last capture and divided by the number of days in between. Only individuals
with at least 13 days between measurements were used to allow for measurable growth. Growth
rates of lab raised and field caught hatchlings from these populations have already been shown
to be similar, so they were pooled for all analyses (Robbins 2010).
Survival was analyzed using Cormack-Jolly-Seber capture-recapture models in the
information-theoretical framework (Burnham and Anderson 2002; Lebreton et al. 1992) of the
Program MARK (White and Burnham 1999). We first modelled survival using the same factors
used in the ANCOVA for growth rates (habitat, species, latitude, species x habitat, and latitude x
habitat) to find treatment specific survival, and then modelled survival with only covariates
associated with each site and/or treatment to find which covariates might explain treatment
specific survival. We chose the full factor model as a global model and assessed how well the
model fit the data, then found the best candidate models of survival. Time was not used as a
factor because it has already been shown not to influence monthly survival estimates over a
similar time span (Robbins 2010). Survival (φ) and recapture rates (p) were estimated using the
step down approach (Lebreton et al. 1992) where p was modelled first, then φ and then p again.
Covariates were not used in the global model because we were not interested in estimating
survival after accounting for covariates, but rather what true survival was in each treatment. Plus,
goodness-of-fit tests cannot incorporate covariates (Burnham and Anderson 2002). Model fit to
the data was tested using a bootstrap method and where overdispersion was found, the
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overdispersion parameter (ĉ) was used for correction (ĉ =2.97; Lebreton et al. 1992). Parsimony
was assessed through a maximum likelihood approach by the lowest Akaike Information Criteria
(AICc) value with a bias-correction in case sample size was small with respect to the number of
estimated parameters (Burnham and Anderson 2002). When ĉ was included, a Quasi-AICc value
(QAICc) that accounts for ĉ was used to assess parsimony (Burnham and Anderson 2002).
Starting with the global model, we found the most parsimonious model of p among candidate
models. The models of p were assessed again with the most parsimonious model of φ to
complete the step down method. The most parsimonious model of p, which was the intercept
only model, was then used as a constant among the candidate models of φ. Factor-only models
were assessed first. Among the candidate model set of factor-only models, parsimony was
assessed with the QAICc values and further assessed with likelihood ratio (LR) tests. The
probability of survival was estimated for each treatment through model averaging of φ (Burnham
and Anderson 2002) among the final candidate model set. The relative influence of each factor
on survival was then assessed using model averaged beta values (B) with unconditional
confidence intervals (CI). Covariate-only models were also assessed for the influence of each
environmental and morphological variable on survival. Habitat variables were included in the
models if they were different between treatments and they were not correlated with each other.
The individual covariate of SVL was also used to assess the influence of body size at release.
Each covariate was assessed for its influence on survival through QAICc values among the
models, and further assessed using model averaged beta values (B) with unconditional
confidence intervals (CI). Model averaging occurred among covariate models that had ∆QAICc
values less than 2.1. If the unconditional confidence interval (CI) did not include zero, the effect
was considered statistically significant (Burnham and Anderson 2002). Once we had habitatspecific growth rates we could estimate, using minimum size at maturity from this study and
previously collected data, the time it would take to reach size at maturity in each habitat.
Minimum size at maturity was estimated from two years (2004 and 2005) of adult female
reproductive data (Robbins 2010). For each population, the smallest individuals (SVL) from each
year that oviposited in the laboratory were averaged. Using our habitat-specific juvenile survival
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rates for each population, we could also estimate the probability associated with individuals
surviving to size at maturity.
Habitat variables were compared between sites and treatments, where possible, and
those that showed differences were tested for correlations among sites. Heterogeneity (He) and
canopy cover (C) were examined among sites with Mann-Whitney U tests because they did not
meet the homogeneity of variance assumption (each site n=32). Activity periods (A) were
examined among sites within species using mixed model analysis with the estimated average
daily activity periods associated with each treatment at each lizard capture interval as sample
units (each site n=14). Site and time interval were used as factors. Precipitation was examined
between sites with a mixed model analysis using average daily precipitation measured for each
lizard capture interval as sample units (each site n=14). Site and time interval were used as
factors. Food availability (F) was examined between sites (n=14 per site per sampling period)
with repeated-measures ANOVAs across the 5 sampling periods. Total biomass per trap per day
was the dependent variable. Site was used as the factor. The biomass index data was logtransformed to meet assumptions of the ANOVA. If primary statistical analyses found significant
differences, then pairwise comparisons were made. Least significant difference tests were used
for parametric analyses and Mann-Whitney U tests for non-parametric analyses. Correlation
analyses among sites and/or treatments were used to further assess any relationships between
growth, survival, and environmental variables.

Results
Habitat significantly affected growth rates, but species x habitat and latitude x habitat
interactions were also significant (Table 4.1). In the south both species grew faster in the scrub
habitat but in the north individuals of Sceloporus undulatus grew slower in the scrub habitat
compared to those in the sandhill (Table 4.1, Fig. 4.2). Notably, SVL was not a significant
predictor of growth rates within this system (Table 4.1). The species x habitat interaction in
hatchling growth rates shows that when a species was in its native environment, the native
species grew faster than the foreign species. This home-site advantage was stronger in the
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northern latitude. The latitude x habitat interaction suggests that site-specific factors are likely
important. However, only precipitation was significantly correlated with growth rates among sites
and only within S. undulatus (Table 4.2). Within S. undulatus, possible relationships between
growth and heterogeneity, activity period, and survival exist (Table 4.2). Within S. woodi a
possible relationship between growth and canopy cover exists as well (Table 4.2).
Monthly juvenile survivorship associated with the sandhill and scrub habitats were similar
between species at both latitudes, but there was a significant latitude x habitat interaction. In the
north both species had higher survival in the sandhill and in the south both species had higher
survival in the scrub (Fig. 4.3). The intercept-only model was the most parsimonious recapture
probability model before and after finding the most parsimonious survival probability model. The
intercept only recapture probability model was therefore used for all the survival models. The
model averaged recapture probability (p) was (estimated probability ± 1SE) 0.40 ± 0.04. The
candidate model set was determined with ∆QAICc and likelihood ratio tests. The full model was
included in the candidate model set because it did not explain survival significantly worse than the
2

two best models (both χ >0.2, P>0.65) even though the ∆QAICc value was greater than 2.0.
Furthermore, the full model did explain survival significantly better than the fourth ranked model
2

(χ =19.7, P=0.001). Overall, the candidate set of the most parsimonious survival models included
all the factors and interactions. Each factor and interaction was included in at least one model
(Table 4.3). Significant factors among the best candidate, factor-only, survival models were
determined by model averaged beta values (B) and unconditional confidence intervals (CI).
Habitat, latitude, and the latitude x habitat interaction all had a CI that did not include zero.
Species and the species x habitat interaction were not significant factors (Table 4.4). Again, the
latitude x habitat interaction suggests that site-specific factors are important. There were 8
covariate-only models with ∆QAICc values less than 2.1 (Table 4.5). Food availability was
included as a covariate in the models because we thought the difference among sites (P=0.098;
see results) warranted inclusion and the information-theoretical framework would filter it out (as it
did; see below) if it did not influence survival. Significant habitat covariates among the best
candidate, covariate-only, survival models were also determined by model averaged beta values
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(B) and unconditional confidence intervals (CI). Heterogeneity was negatively associated with
survival, and SVL was positively associated with survival in this system. Activity periods, canopy
cover, food availability, and growth rates were not associated with survival in this system (Table
4.6). Results of correlation analyses were consistent with the negative relationship between
heterogeneity and juvenile survival in both species, but were not significant (Table 4.2).
Correlation analyses also suggest possible relationships between precipitation and survival and
activity periods and survival within both species, however, they were not significant at the
alpha=0.05 level (Table 4.2). There was also a marginally significant positive correlation among
all populations between growth rates and survival (Table 4.2).
Our estimates of the average time it would take individuals to reach size at maturity in the
north suggest that each species would reach size at maturity faster than the foreign species in
their native habitat (Table 4.7; Fig. 4.4). In the south, Sceloporus woodi would reach size at
maturity faster than S. undulatus in both habitats (Table 4.7; Fig. 4.4). When we include monthly
survival probabilities, S. undulatus had the advantage in its native habitat in the north, and S.
woodi had the advantage in its native habitat in the south (Table 4.7; Fig. 4.5). Both species have
an extremely low probability of reaching size at maturity in the northern scrub habitat, with S.
woodi having a higher probability, but this advantage is extremely small (Table 4.7). In the south
sandhill habitat, both species have an extremely small probability of reaching size at maturity as
well, with S. woodi again having an extremely small advantage (Table 4.7; Fig. 4.5). Overall,
however, we found habitat-specific advantages in the average probabilities of reaching size at
maturity for the native species in their native environments (Fig. 4.6).
Environments were different between the sites with regard to some environmental
variables. Specifically, heterogeneity and canopy cover were different among all four sites and
activity periods were different among some sites (Table 4.8). Precipitation (P=0.91) and food
availability (P=0.098) were similar among all four sites (Table 4.8). Correlation analyses did not
detect relationships between environmental variables (precipitation, heterogeneity, canopy cover,
and food availability) among the four sites (all P>0.14). Activity periods, which were species
specific, were also not correlated with any environmental variables (all P>0.11).
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Discussion
Habitat-specific adaptations were present in juvenile growth rates, but not juvenile
survival. A home-site advantage in juvenile growth rates was seen, in that each native species
grew faster in its native environment than did the foreign species. This home advantage was
more pronounced between the northern populations. Juvenile survival, however, was similar for
both species in all environments, which suggests that reproductive isolation does not occur
simply through decreased juvenile survival in the foreign environments. When juvenile growth
rates and survival were examined together with population-specific minimum size at maturity
there were overall habitat-specific adaptations with regard to the probability of reaching size at
maturity. Home-site advantages were seen, in that each species had a higher average
probability of reaching size at maturity in their native habitats, relative to the foreign species.
Furthermore, when each species was in the foreign habitat it had an extremely low probability, on
average, of reaching size at maturity.
Younger age and smaller size at maturity is thought to be selected when juvenile survival
is low because reaching maturity faster can increase the probability of successful reproduction
(Stearns and Koella 1986). So, early age at maturity may compensate for lower juvenile survival.
It can be argued that juvenile survival in Sceloporus undulatus should have been lower than S.
woodi in the scrub habitat because S. woodi has a younger age and smaller size at maturity than
S. undulatus. Sceloporus undulatus and S. woodi are closely related, and it is presumed that S.
woodi diverged from S. undulatus during the Pliocene/Pleistocene when ocean water rose and
isolated S. undulatus populations on the sand dune ridges of central Florida. The life history suite
of S. woodi – relatively small adult body sizes, short lifespans, small clutches, and early maturity
– is analogous to populations of S. undulatus at its southern range limits (Tinkle and Ballinger
1972). We did not observe lower juvenile survival in S. undulatus when experiencing the scrub
habitats of S. woodi, suggesting that low juvenile survival is not the cause of the small adult body
sizes and early age at maturity observed in S. woodi and possibly by extension, southern
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populations of S. undulatus. What then, is the reason? Our results suggest that further study of
this ecological conundrum would provide much needed insight.
The home-site advantage in juvenile growth rates was more pronounced between the
northern populations, likely because of site-specific heterogeneity and its effect on potential
activity periods. Although not statistically significant, growth rates were negatively related to
heterogeneity and positively related to activity periods, especially in S. undulatus. Furthermore,
the differences in heterogeneity and potential activity periods between habitats were significant
and greater between habitats in the north. Activity period length is known to constrain growth
rates (Sinervo and Adolph 1994).
The similarities in juvenile survival of both species between habitats suggest that juvenile
survival does not act alone as a reproductive isolating mechanism. The fact that these species
do come into contact where their habitats are adjacent, yet neither species has expanded its
range into the others’ habitat does, however, suggest some isolating mechanism is occurring.
Our estimates of the low probabilities of reaching size at maturity of both species in each others’
habitat suggests that the more complex relationships between juvenile growth rates, survival, and
size at maturity may be acting as a reproductive isolating mechanism, but other unmeasured
factors may be involved. Previous work has shown that male agonistic encounters are won 100%
of the time by S. undulatus (Robbins et al. 2010), which may push S. woodi males out of S.
undulatus habitat, but it does not explain why S. undulatus males do not move into the scrub
habitats of S. woodi. It is possible that lower fitness is associated with each species in the foreign
habitat at other life stages as well. For example, hatching success may be lower for each species
in each others’ habitat. It is also possible that the isolating mechanism between these two
species simply comes down to a habitat preference. Sceloporus undulatus is more arboreal than
S. woodi and may prefer habitats with greater tree density, which is observed in the sandhill
habitats as evidenced by observation and in our canopy cover data. We do know that
microhabitat preference is different between these species during anti-predator behavioral trials.
When given a refuge choice between a tree stump and a shrub, S. undulatus chose the tree and
S. woodi chose the shrub when a predator approached (unpublished data). Whatever
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mechanisms are synergistically involved in the reproductive isolation observed between S.
undulatus and S. woodi, it appears that the probability of reaching size at maturity in each others’
habitats is at least part of the story.
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Florida Peninsula
S. woodi
± 0.67

S. undulatus

Figure 4.1. Map of reciprocal transplant locations for habitat-specific adaptations study.
Reciprocal transplants were conducted within latitude (North and South) and between speciesspecific habitats.
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Figure 4.2. Daily growth rates of resident and reciprocally transplanted hatchlings of Sceloporus
undulatus and S. woodi between habitats at north and south latitudes. Points are estimated
marginal means. Error bars represent 1 standard error. The solid black circles (
undulatus and the open circles (

) represent S.

) represent S. woodi.
116

1.01.0

North

0.90.9

Montlhy Survivorship
Monthly Survivorship

0.80.8
0.70.7
0.60.6
0.50.5
0.40.4
0.30.3
0.20.2
0.10.1
0.00.0
S(A)ndhill
S(A)ndhill

S(C)rub
S(C)rub

Habitat
Habitat
1.01.0

South

0.90.9

Monthly Survivorship
Monthly Survivorship

0.80.8
0.70.7
0.60.6
0.50.5
0.40.4
0.30.3
0.20.2
0.10.1
0.00.0
S(A)ndhill
S(A)ndhill

S(C)rub
S(C)rub

Habitat
Habitat
Figure 4.3. Monthly juvenile survivorship of resident and reciprocally transplanted hatchlings of
Sceloporus undulatus and S. woodi between habitats at north and south latitudes. Points are
survival estimates from the program MARK. Error bars represent 1 standard error. The solid
black circles (

) represent S. undulatus and the open circles (

) represent S. woodi.

117

24

North
22

Months until
untilmaturity
maturity
Months

20
18
16
14
12
10
8
6
4
S(A)ndhill

S(C)rub

Habitat
Habitat

.
24

South
22

Months
Months until
until maturity
maturity

20
18
16
14
12
10
8
6
4
S(A)ndhill

S(C)rub

Habitat
Figure 4.4. Time in months until maturity is reached for resident and reciprocally transplanted
hatchlings of Sceloporus undulatus and S. woodi between habitats at north and south latitudes.
Points are estimates based on population specific data. The solid black circles (
undulatus and the open circles (

) represent S.

) represent S.woodi
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Figure 4.5. Probability of reaching size at maturity of resident and reciprocally transplanted
hatchlings of Sceloporus undulatus and S. woodi between habitats at north and south latitudes.
Points are estimates based on population specific data. The solid black circles (
undulatus and the open circles (

) represent S.

) represent S. woodi.
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Figure 4.6. Average probability of reaching size at maturity of resident and reciprocally
transplanted hatchlings of Sceloporus undulatus and S. woodi between sandhill and scrub
habitats. Points are estimates based on population specific data. The solid black circles (
represent S. undulatus and the open circles (

)

) represent S. woodi.
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Table 4.1. Results of ANOVA for juvenile growth rates of resident and reciprocally transplanted
hatchlings of Sceloporus undulatus and S. woodi between habitats at north and south latitudes.

Factor
SVL (cov)

F

P
2.19

0.143

Species

0.00

0.978

Latitude

3.33

0.072

Habitat

4.28

0.042

Species x habitat

5.53

0.021

Latitude x habitat

11.30

0.001

* Significant probabilities are denoted in bold.
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Table 4.2. Relationships between environmental variables, growth, and survival across all
treatments and within species.

Within species (N=4)

All treatments
(N=8)

S. undulatus

S. woodi

r

P

r

P

r

P

0.70

0.056

0.90

0.097

0.50

0.510

Heterogeneity

-0.81

0.188

-0.08

0.923

Canopy

-0.11

0.890

-0.90

0.110

0.99

0.004

0.47

0.528

0.88

0.116

0.74

0.265

0.01

0.995

0.20

0.803

-0.95

0.055

-0.90

0.102

Canopy

0.04

0.959

-0.08

0.922

Precipitation

0.93

0.069

0.92

0.085

0.94

0.065

0.91

0.095

-0.43

0.547

-0.43

0.547

Trait
Growth
Survival

Precipitation
Activity

0.21

0.617

Food availability
Survival
Heterogeneity

Activity

0.35

Food availability
* r = Pearson correlation coefficient.

0.397
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Table 4.3. Survival models including only factors of resident and reciprocally transplanted
hatchlings of Sceloporus undulatus and S. woodi between habitats at north and south latitudes.

wi

L

0.0

0.59

1.4

0.29

QAICc

 QAICc

Φ(H) (L) (LxH) p( . )

377.8

Φ(H ) (S) (L) (LxH) p( . )

379.2

Model

K

QDev

1.00

5

277.4

0.49

6

276.7

Φ(H) (S) (L) (SxH) (LxH) p( . )
381.1
3.3
0.12 0.19
7
276.5
* Factors are habitat (H), latitude (L), species (S), and interactions. Candidate models were
evaluated using the Akaike’s Information Criterion
(see methods).

(AIC) and likelihood ratio tests among models

QAICc = quasi-likelihood adjusted and sample-size corrected AIC. ∆ QAICc

= QAICc relative to most parsimonious model. wi = Akaike weight of model. L = model
likelihood.

K = number of parameters in model. QDev = quasi-likelihood adjusted deviance. ( . )

= intercept only model. Φ = survival probability. p = recapture probability.
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Table 4.4. Results of model averaging across the candidate model set of the factor only survival
models.

CI
Factor

B

Lower

Upper

Habitat (H)

2.03

0.72

3.33

Latitude (L)

1.99

0.67

3.32

Latitude x Habitat (LxH)

3.77

-5.59

-1.95

Species (S)

0.13

-0.33

0.59

Species x Habitat (SxH)
0.05
-0.18
0.28
* B refers to the beta coefficient and CI refers to the 95% unconditional confidence interval with
the lower and upper limits below. Values in bold are significant because the CI does not include
zero.
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Table 4.5. Survival models including only covariates of resident and reciprocally transplanted
hatchlings of Sceloporus undulatus and S. woodi between habitats at north and south latitudes.

QAICc

Model

 QAICc

wi

L

K

QDev

Φ(He) (G) (svl) p( . )

370.7

0.0

0.20

1.00

5

360.6

Φ(He) (svl) p( . )

370.9

0.2

0.18

0.90

4

362.8

Φ(He) (C) (svl) p( . )

371.3

0.6

0.15

0.75

5

361.2

Φ(He) (F) (G) (svl) p( . )

371.8

1.1

0.12

0.57

6

359.6

Φ(F) (G) (svl) p( . )

372.1

1.4

0.10

0.50

5

361.9

Φ(A) (He) (svl) p( . )

372.4

1.7

0.09

0.43

5

362.3

Φ(A) (He) (G) (svl) p( . )

372.7

1.9

0.08

0.38

6

360.4

Φ(He) (C) (G) (svl) p( . )
2.0
0.07
0.36
6
360.6
372.8
* Covariates include heterogeneity (He), growth rates (G), canopy cover (C), food availability (F),
activity periods (A), and individual snout-vent lengths at time of release (svl). Candidate models
were evaluated using the Akaike’s Information Criterion
adjusted and sample-size corrected
model.

(AIC). QAICc = quasi-likelihood

AIC. ∆ QAICc = QAICc relative to most parsimonious

wi = Akaike weight of model. L = model likelihood. K = number of parameters in model.

QDev = quasi-likelihood adjusted deviance. ( . ) = intercept only model. Φ = survival probability.
p = recapture probability.
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Table 4.6. Results of model averaging across the candidate model set of the covariate only
survival models.

CI
Factor
SVL
Heterogeneity (He)

B

Lower
0.19

0.02

0.35

-0.03

-0.05

-0.01

-5

-2.5x10

-3

-8.1x10

Activity periods (A)

8.8x10

Canopy cover (C)

-1.9x10

Food availability (F)

Upper

-1.80

-4

4.3x10

-3

4.3x10

-5.40

-4

-3

1.80

Growth rates (G)
15.03
-8.29
38.34
* B refers to the beta coefficient and CI refers to the 95% unconditional confidence interval with
the lower and upper limits below. Values in bold are significant because the CI does not include
zero.
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Table 4.7. Population specific life history data showing the numbers used to calculate the habitat-specific probabilities of reaching size at
maturity for Sceloporus undulatus and S. woodi.

Treatment

Hatchling SVL
at release

Daily growth
rate

Minimum size
at maturity

Days
until
maturity

Months until
maturity

Monthly
survival rate

Prob. of reaching
size at maturity

SUA

30.2 ± 0.4

0.059 ± 0.012

59.3

493.2

16.4

0.368 ± 0.123

0.000000072

SWA

31.1 ± 1.7

0.051 ± 0.022

48.8

347.1

11.6

0.329 ± 0.129

0.0000025

SUC

30.2 ± 0.4

0.090 ± 0.008

59.3

323.3

10.8

0.735 ± 0.086

0.036

SWC

31.1 ± 1.7

0.101 ± 0.009

48.8

175.2

5.8

0.759 ± 0.091

0.2

NUA

29.2 ± 0.4

0.074 ± 0.007

51.3

298.6

10

0.774 ± 0.070

0.077

NWA

28.2 ± 0.4

0.055 ± 0.010

48.3

365.1

12.2

0.741 ± 0.086

0.026

NUC

29.2 ± 0.4

0.036 ± 0.015

51.3

613.9

20.5

0.275 ± 0.112

3.2E-12

NWC
28.2 ± 0.4
0.067 ± 0.010
48.3
300
10
0.301 ± 0.118
0.0000061
* Treatment acronyms refer, for example, to (N)orth (U)ndulatus in the s(A)ndhill habitat (see text). Error rates are displayed as plus or
minus 1 standard error where appropriate.
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Table 4.8. Environmental variables among latitude-habitat treatments.

Latitude-habitat treatments
Environmental variable

NA

NC

SA

A

84.7

A

19.9

A

SC

B

62.7

B

57.5

300(1.8)

A

337(1.6)

AC

1340(6.3)

B

AB

923(4.3)

A

Heterogeneity (%)

18

Canopy cover (%)

67.8

Precipitation (mm)

366(1.6)

C

40.5

D

C

1.6

A

383(2.1)

A

BC

1608(7.9)

A

A

1042(5.2)

B

D

Activity period (hours)
S. undulatus

1523(7.1)

S. woodi

994(4.7)

A

A

1319(6.3)

857(4.1)

A

A

Food availability (mm/trap/day)
0.709
0.781
0.872
0.829
* Matching superscripts denote statistically similar values at the alpha=0.05 level. Heterogeneity
and canopy cover are shown as percent cover. Precipitation and activity period are shown as
totals with estimated marginal means across intervals in parentheses. Treatments are shown as
abbreviated latitudes and habitats. For example, NA means the (N)orthern population in the
s(A)ndhill habitat.
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